CRYSTAL ENGINEERING STUDIES ON MULTIDIMENSIONAL COORDINATION POLYMERS AND RELATED ORGANIC CRYSTALS FOR SOLID STATE PROPERTIES AND REACTIVITIES by ANJANA CHANTHAPALLY
 
 CRYSTAL ENGINEERING STUDIES ON 
MULTIDIMENSIONAL COORDINATION POLYMERS 
AND RELATED ORGANIC CRYSTALS FOR SOLID 












A THESIS SUBMITTED  
FOR  
THE DEGREE OF DOCTOR OF PHILOSOPHY 
DEPARTMENT OF CHEMISTRY  






The work described in this thesis is the original work, performed 
independently and written in its entirety, under the supervision of Prof. 
Jagadese J. Vittal (in the ‘Inorganic Materials and Supramolecular Chemistry’ 
laboratory, S8-05-15), Department of Chemistry, National University of 
Singapore, between 11 Jan 2010 and 20 Dec 2013. I have duly acknowledged 
all the sources of information which have been used in the thesis.  
This thesis has also not been submitted for any degree in any university 
previously.  
The content of the thesis has been partly published in: 
1. Chanthapally,A.; Kole, G. K.; Qian, K.; Tan, G. K.; Gao, S.;* Vittal, 
J. J.*,Thermal Cleavage of Cyclobutane Rings in Photodimerized 
Coordination-Polymeric Sheets, Chem Eur. J, 2012, 18, 7869-7877. 
 
2. Chanthapally, A.; Oh, W. T.; Vittal, J. J., [2 + 2] Cycloaddition 
reaction as a tool to monitor the formation of thermodynamically stable 
ladder coordination polymers, CrystEngComm, 2013, 15, 9324–9327. 
 
3. Chanthapally, A.; Oh, W. T.; Vittal, J. J., Photoreactivity of 
Polymorphs of a ladder polymer with crisscross and parallel 
Orientation of C=C Bonds, Chem. Commun., 2014, 50, 451- 453. 
4. Elsaidi, S. K.; Mohamed, M. H.; Wojtas,L.; Chanthapally, A.;  Vittal 
J.J. and Zaworotko M.J., Putting the squeeze on methane through 
control over interpenetration in diamondoid nets, JACS,2014, 5072-
5077. 
5. Chanthapally, A.; Quah, H.S.; Vittal, J. J.*, Solid State Reactivity of 
Supramolecular Isomers: A study in the s-block coordination polymers, 





__________________       _______________________      _______________ 






First and foremost, I would like to take this opportunity to express my 
immense gratitude and deepest regards to my supervisor, Professor Jagadese J. 
Vittal for his exemplary guidance, positive criticism, patience and constant 
encouragement throughout the course of this thesis. I strongly believe that the 
blessings, help and guidance given by him from time to time will help me in 
taking the right steps ahead and fulfilling the responsibilities of life which I 
am about to embark on.  
I would also like to take this opportunity to express a deep sense of 
gratitude to our collaborators; Prof. Song Gao for the magnetic measurements, 
Prof. Ming Wah Wong, Richard for the theoretical studies, Prof. Mike 
Zaworotko for the gas adsorption studies, Dr. Martin K. Schreyer for the in 
situ VT-PXRD experiments and many thanks to Prof. D.M. Proserpio for his 
suggestions and guidance on topological analysis which helped in completing 
the work through various stages. 
I have greatly benefitted from all the CMMAC staff, and would like to 
take this opportunity to deeply thank everyone. I owe my deepest gratitude to 
Ms. Tan Geok Kheng, Ms. Hong Yimain, and Prof. Koh Lip Lin for their help 
in crystallographic data collection and structure solution. 
I am thankful to all my past and present group members for the light 
atmosphere they created, the support, advice and guidance provided, 
IV 
 
particularly to Dr. Abdul, Dr.Mangai, Dr. Wei Lee, Jeremiah, Raghav, Shahul, 
Yude, Juleiha, Ming Hui, Terence and Jessica and all other undergraduate and 
exchange students. My sincere thanks to Dr. Mir and Dr. Goutam for the 
support and inspirational thoughts we shared and to my enchanting juniors 
Hong Sheng and Wei Ting for all the time, care, sincerity and affection they 
have showered on me. Discussions with Dr. Yang Hui and In-Hyeok have 
been illuminating and special thanks for their invaluable suggestions and 
motivation. 
My life in Singapore would not be so much easy without the comfort, 
confidence and support provided by Suruchi, my best friend, words cannot do 
justice to what I owe her. Sheeja mam’s and Prof. Bahulayan’s was a second 
family for me in Singapore and I am really thankful to have them as part of my 
life in Singapore. Many thanks to Zhang Mei, Van Ha, Khushboo, Lucia, 
Daniel and So Young for the memorable lunch breaks and friendship we 
forged.   
I am sincerely obliged to all my teachers till now, for their blessings 
and love that have taken me to my current state. I am forever thankful to 
ALMIGHTY for the family, friends and teachers I have around me. No words 
can express my appreciation towards my parents and my brothers’ constant 
love, encouragement, sacrifices and blessings. 





















Table of Contents 
 
Declaration                                                                                                II 
Acknowledgements                                                                                  III 
Table of Contents                                                                                     VI 
Summary                                                                                                  XII 
List of Tables                                                                                          XVI 
List of Figures                                                                                        XVII 
List of Schemes                                                                                      XXII 
Abbreviations and Acronyms                                                               XXIII 
List of Publications                                                                                 XXV 
Copyrights Permissions                                                                       XXVIII 
 
Chapter 1- Introduction  
1.1 Crystal Engineering .............................................................................................................. 3 
1.2 Coordination Polymers ......................................................................................................... 4 
1.2.1 Porous Coordination Polymers (PCPs) ......................................................................... 8 
1.2.2 Functional Coordination Polymers (FCPs) ................................................................. 10 
1.2.3 Networks and Topology ............................................................................................. 11 
1.2.4 Interpenetration in CPs ............................................................................................... 16 
1.2.5 Supramolecular Isomerism in CPs .............................................................................. 19 
1.2.6 Gas Sorption and Storage ........................................................................................... 21 
1.3 Solid-State Reactions ......................................................................................................... 23 
1.3.1 [2+2] Cycloaddition Reaction..................................................................................... 24 
VII 
 
1.3.2 Reversal of [2+2] Cycloaddition Reaction ................................................................. 29 
1.3.3 Pedal Motion in Coordination Polymers .................................................................... 30 
1.3.4 Structural Transformations in Coordination Polymers ............................................... 32 
1.3.5 The Chemistry of Cyclobutane ligands ...................................................................... 34 
1.4 Aim and Scope of the Dissertation………………………………………………………..35 
1.5 References…………... ………………………………………………………………..…..37 
Chapter 2 - [2 + 2] Cycloaddition Reaction as a Tool to Monitor the 
Formation of Thermodynamically Stable Ladder Coordination Polymers 
2.1 Introduction ........................................................................................................................ 47 
2.2 Results and Discussion ....................................................................................................... 48 
2.2.1 Structural analysis of [Cu (O2CCF3)2(μ-bpe)(DMF)]  (2-1) ....................................... 49 
2.2.2 Thermal dehydration and structural transformation.................................................... 51 
2.3 Conclusion .......................................................................................................................... 56 
2.4 Experimental Section ......................................................................................................... 60 
2.4.1 Syntheses and Characterization .................................................................................. 60 
    2.4.2 X-ray Crystallography ................................................................................................. 62 
2.5 References ……………………………………………………………………………..63 
Chapter 3 - Photoreactivity of Polymorphs of a Ladder Polymer with 
Crisscross and Parallel Orientations of C=C Bonds 
3.1 Introduction ........................................................................................................................ 65 
3.2 Results and Discussion ....................................................................................................... 66 
3.2.1 Synthesis of [Zn2(μ-O2C-p-Tol)2(O2C-p-Tol)2(bpe)2] (3-1) and (3-2) ........................ 67 
3.2.2 Structural analysis of [Zn2(μ-O2C-p-Tol)2(O2C-p-Tol)2(bpe)2] (3-1) ......................... 68 
3.2.3 Structural analysis of [Zn2(μ-O2C-p-Tol)2(O2C-p-Tol)2(bpe)2] (3-2) ......................... 69 
3.2.4 Structural analysis of [Zn2(μ-O2C-p-Tol)4(bpe)], (3-3) .............................................. 71 
VIII 
 
3.2.5 Photoreactivity and structural transformation ............................................................. 72 
3.2.6 Solid-state transformation of 3-1 to 3-2 by aging/grinding ........................................ 75 
3.3 Conclusion .......................................................................................................................... 76 
3.4 Experimental Section ......................................................................................................... 77 
3.4.1 Syntheses and Characterization .................................................................................. 77 
3.4.2 X-ray Crystallography ................................................................................................ 79 
3.5 References………………………………………………………………………………...82
  
Chapter 4 - Thermal Cleavage of Cyclobutane Rings in Photodimerized  
Coordination-Polymeric Sheets 
4.1 Introduction ........................................................................................................................ 87 
4.2 Results and Discussion ....................................................................................................... 89 
4.2.1 Structural analysis of [Cd2(pvba)2(tbdc)(DMF)2] (4-1) .............................................. 90 
4.2.2 Photoreactivity of compound 4-1 ............................................................................... 92 
4.2.3 Structural analysis of [Co2(pvba)2(tbdc)(H2O)2(DMF)2] (4-2) ................................... 94 
4.2.4 Photoreactivity of compound 4-2 ............................................................................... 96 
4.2.5 Reversible dehydration and rehydration reaction ....................................................... 97 
4.2.6 Magnetic properties .................................................................................................... 99 
4.2.7 Structure and photoreactivity of compound 4-3 ....................................................... 103 
4.2.8 Thermal Cleavage of the cyclobutane ring in compounds 4-4 to 4-6 ....................... 103 
4.2.9 Photoluminescence studies ....................................................................................... 106 
4.3 Conclusion ........................................................................................................................ 107 
4.4 Experimental Section ....................................................................................................... 108 
4.4.1 X-ray crystallography ............................................................................................... 108 




Chapter 5 - Control over Interpentration in Diamondoid Networks; A Study 
on Methane Sorption  
5.1 Introduction ...................................................................................................................... 121 
5.2 Results and Discussion ..................................................................................................... 123 
5.2.1 Structural analysis of [Zn(pvba)2]∙DMF (5-1) .......................................................... 123 
5.2.2 Structural analysis of [Cd(pvba)2]∙DMF (5-2) .......................................................... 126 
5.2.3 Structural analysis of [Zn(pvba)2] (5-3) .................................................................... 127 
5.2.4 Gas adsorption studies on compounds 5-1, 5-2 and 5-3 ........................................... 129 
5.2.5 Structural analysis of [Co(mpvba)2]∙DMF∙2H2O (5-4) ............................................. 134 
5.2.6 Structural analysis of [Cu(mpvba)2]∙DMF∙H2O (5-5) ............................................... 135 
5.2.7 Structural analysis of [Cd(mpvba)2]∙DMF∙H2O (5-6) ............................................... 137 
5.3 Conclusion ........................................................................................................................ 138 
5.4 Experimental Section ....................................................................................................... 138 
5.4.1 X-ray Crystallography .............................................................................................. 138 
5.4.2 Syntheses and Characterizations ............................................................................... 141 
5.5 References ........................................................................................................................ 144 
Chapter 6 - 2D and 3D Coordination Polymers Built from TCCB Ligand 
and Multi-Topic Pyridyl Spacers with Metal Ions 
6.1 Introduction ...................................................................................................................... 149 
6.2 Results and Discussion ..................................................................................................... 151 
6.2.1 CPs of 2D Sheet structure with TCCB ..................................................................... 152 
6.2.1.1 Structural analysis of [Mg(H2TCCB)(DMF)2] (6-1) ......................................... 153 
6.2.1.2 Structural analysis of [Mn(H2TCCB)(DMF)2] (6-2) ......................................... 156 
6.2.1.3 Structural analysis of [Zn2(TCCB)(dps)(H2O)]∙DMF (6-3) .............................. 157 
X 
 
6.2.2 Three dimensional frameworks with TCCB ............................................................. 159 
6.2.2.1 Structural analysis of [Zn2(TCCB)(bpy)]∙DEF (6-4) ........................................ 159 
6.2.2.2 Structural analysis of [Zn2(TCCB)(bpe)]∙DMF (6-5) ....................................... 161 
6.2.2.3 Structural analysis of [Zn2(TCCB)(bpmh)]∙DMA∙2H2O (6-6) ......................... 162 
6.2.2.4 Structural analysis of [Co3(TCCB)2(DABCO-H+)2(H2O)2]∙2DMF∙4H2O (6-7) 164 
6.2.3 Three dimensional frameworks with TCCB and rtct-tpcb ........................................ 166 
6.2.3.1 Structural analysis of [Co2(TCCB)(rtct-tpcb)(µ-H2O)(H2O)]∙DMF∙xH2O(6-8) 167 
6.2.3.2 Structural analysis of [Ni2(TCCB)(rtct-tpcb)(µ-H2O)(H2O)]∙DMF∙xH2O (6-9)170 
6.2.3.3 Structural analysis of [Cd(TCCB)(rtct-tpcb)DMF]∙3H2O (6-10) ...................... 172 
6.2.3.4 Structural analysis of [Zn(TCCB)(rtct-tpcb)]∙DMF∙xH2O (6-11) ..................... 174 
6.2.3.5 Topological Analysis of 6-10 and 6-11 ............................................................. 175 
6.3 Conclusion ........................................................................................................................ 180 
6.4 Experimental Section ....................................................................................................... 180 
6.4.1 X-ray Crystallography .............................................................................................. 180 
6.4.2 Syntheses and Characterization ................................................................................ 185 
6.5 References……………………………………………………………………………….191 
Chapter 7- Oxygen-Initiated Solid-State Stereoselective Isomerisation of 
rctt-tpcb 
7.1 Introduction ...................................................................................................................... 199 
7.2 Results and Discussion ..................................................................................................... 201 
7.2.1 Synthesis and Reactivity of 7-1 ................................................................................ 201 
7.2.2 Crystal Packing Analysis in 7-1 ............................................................................... 203 
7.2.3 ESR and Thermo-Analytical Studies. ....................................................................... 204 
7.2.4 Powder X-Ray Diffraction Studies ........................................................................... 208 
7.2.5 Bimolecular v/s Unimolecular Mechanism Studies .................................................. 211 
XI 
 
7.2.5.1 ESI-MS Crossover Experiments ....................................................................... 213 
7.2.6 DFT Calculations ...................................................................................................... 216 
7.3 Conclusion ........................................................................................................................ 221 
7.4 Experimental Section ....................................................................................................... 222 
7.4.1 Syntheses and Characterizations ............................................................................... 222 
7.5 References……………………………………………………………………………….229  
Chapter 8 -  Solid-State Reactivity of Supramolecular Isomers: A study of 
the s-Block Coordination Polymers 
8.1 Introduction ...................................................................................................................... 235 
8.2 Results and Discussion ..................................................................................................... 237 
8.2.1 Structural analysis of [Na2(rctt-cbtc-H2)(H2O)4] (8-1) ............................................. 238 
8.2.2 Structural analysis of [Na2(rctt-cbtc-H2)(H2O)4] (8-2) .............................................. 239 
8.2.3 Structural analysis of [K2(rctt-cbtc-H2)(H2O)2] (8-3) ............................................... 242 
8.2.4 Structural analysis of [Ba2(rctt-cbtc)(H2O)6] (8-4) ................................................... 244 
8.2.5 Thermal Reactivity of compounds 8-1 to 8-4 ........................................................... 246 
8.2.6 Structure analysis of [Na3(rtct-cbtc-H2)(rtct-cbtc-H3)(H2O)3] (8-5) ......................... 249 
8.3 Conclusion ........................................................................................................................ 251 
8.4 Experimental Section ....................................................................................................... 251 
8.4.1 X-ray Crystallography .............................................................................................. 251 
8.4.2 Syntheses and Characterizations ............................................................................... 256 
8.5 References…………………………………………………………………………….259 
Chapter 9 - Conclusions and Suggestions for Future Work 
9.1 Conclusions ...................................................................................................................... 275 




The supramolecular chemistry and coordination polymers has aroused 
a huge interest in the past few decades due to its diverse characteristics and 
features which helped to generate novel materials for assorted applications. 
Crystal engineering has created its own path connecting these two interesting 
fields of chemistry and has grown to the level of designing the structures to 
control the reactivities of solids. The potentials of crystal engineering are yet 
to be explored in many specific cases. Thus the purpose of this thesis is to 
utilize the crystal engineering principles to design structures of interest and to 
study their solid state photoreactivity.  
This thesis describes the syntheses, characterization and properties of 
multidimensional coordination polymers. The dissertation study focuses on i) 
the [2+2] cycloaddition of the synthesized coordination polymers of varying 
dimensionalities with C=C bonds in the backbone of the spacer ligands ii) the 
thermal properties of an organic molecule of interest as well as few other 
coordination polymers iii) gas adsorption properties of certain three 
dimensional coordination polymers iv) topological analysis of all the 
synthesized coordination polymers. On the whole this thesis has been divided 
into 9 chapters including the introducing and concluding chapters. 
The introductory chapter briefly presents the background information 
to follow the rest of the chapters. Historic developments in the field of 
coordination polymers and the recent advancements in this topic are discussed 
here. Literature review includes [2+2] photochemical reaction in coordination 
polymers, thermal reactivity of coordination polymers, gas adsorption 
XIII 
 
properties of coordination polymers, network design and topology and the 
recent developments in these fields. 
Chapters 2 and 3 describe the reactivity of one-dimensional 
coordination polymers. Chapter 2 describes the structural transformations in a 
1D Cu(II) coordination polymer under UV light forming 2D layer like 
structure from desolvated single crystals and its further structural conversion 
on grinding to 1D ladder polymer. Chapter 3 describes the reactivity 
difference in two polymorphs of a Zn(II) coordination polymer and the 
transformation of one polymorph to another by pedal motion. Both 
polymorphs undergo quantitative [2+2] cycloaddition reaction but the one 
with a parallel orientation of C=C bonds (thermodynamic product) retains its 
single crystallinity after the reaction. The phase transformations was found to 
happen both in the solid state as well as in solution state and the 
photoreactivity of both the polymorphs have been discussed in detail. 
In the Chapter 4 the syntheses and characterization of six coordination 
polymers and their photochemical, thermal and magnetic properties have been 
presented. Three two-dimensional coordination polymers of  trans-2-(4’-
pyridyl)vinylbenzoic acid (Hpvba) and 2,3,5,6- 
tetrabromobenzenedicarboxylic acid (H2tbdc) with Cd(II), Co(II) and Ni(II) 
were synthesised and characterised. The Hpvba ligands were found align in a 
head-to-tail fashion with the C=C bonds geometry satisfies the Schmidt’s 
criteria for photodimerization. Indeed, the coordination polymers undergo 
quantitative photoreactivity forming cyclobutane ring as monitored by 1H-
NMR spectroscopy. The cyclobutane ring formed in the product has been 
successfully cleaved thermally for the first time, but to a mixture of cis and 
XIV 
 
trans olefins. The Co(II) and Ni(II) coordination polymers were also found to 
show reversible dehydration and rehydration behaviour. The magnetic 
properties were also studied in support of the coordination geometry changes 
during these transformations. 
Chapter 5 deals with the synthesis and characterisation of the three 
coordination polymers from Hpvba and three coordination polymers from m-
pvba (trans-2-(3ʹ-methyl 4ʹ- pyridyl)vinylbenzoic acid. All six are three 
dimensional coordination polymers, found to build on diamonidoid framework 
with interpenetrating networks. The control of interpenetrations by 
substitution of the spacer ligand is studied and the relation between the 
interpentration and gas adsorption properties is discussed in this chapter. The 
Zn(II) coordination polymer of pvba was found to show good uptake values 
for methane sorption studies. 
In Chapter 6 the structural features of coordination polymers 
synthesised from 1,2,3,4-tetrakis(4′-carboxyphenyl)cyclobutane (H4TCCB)  
ligand are discussed. The two-dimensional design was extended into third 
dimension by using various bipyridyl spacers. The second part describes the 
structures of novel topology by introducing another four connecting regio 
trans, cis, trans - tetra pyridyl cyclobutane (rtct tpcb). This tetrahedral node 
was introduced to avoid the interpenetration and to get porous structures with 
new trinodal topology.  
Chapter 7 provides a detailed investigation of the thermal 
isomerisation of an organic molecule rctt-tpcb. The crystal packing was found 
to influence the reactivity of rctt-tpcb when compared to its solution state 
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reactivity. Thus the rctt-tpcb was found to quantitatively isomerise in solid 
state yielding the rtct stereoisomer unable to obtain by usual synthetic 
methods. Theoretical calculations and isotopic substitution studies were 
carried out to understand and substantiate the mechanism proposed. 
Chapter 8 deals with the synthesis, characterization and thermal 
reactivity studies of four coordination polymers synthesised from s-block 
metal ions with cyclobutane tetracarboxylate anion. Two supramolecular 
isomers were synthesised varying the synthetic condition and they found to 
show different thermal behavior. The cyclobutane ligand was found to 
isomerize from rctt to rtct isomer quantitatively in one case and the product 
was recrystallised to obtain a novel coordination polymer with a new 
topology. 
Coordination polymers built from various metal ions and different 
spacer ligands indeed have versatile physical properties and chemical 
reactivity. The crystal engineering tool box was quite useful to design 
coordination polymers exhibiting interesting photoreactivity. The final chapter 
presents an overall conclusion of all the chapters discussed and it also presents 
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The doctoral dissertation focuses on the synthesis, characterization, 
photo and thermal reactivity studies of 1D, 2D and 3D Coordination Polymers 
(CPs), and the related organic crystals. The thesis as a whole deals with crystal 
engineering of CPs, solid-state reactivity and structural transformations. This 
chapter gives a rather detailed outlook to the definitions and descriptions of 
concepts in these fields to enable the readers to understand and appreciate the 
results consolidated in the rest of the chapters. It will also provide a brief 
glimpse of the important historic developments in these areas of research for 
the sake of completion.  
1.1 Crystal Engineering
Crystal Engineering (CE) imparted the reason behind the precise and 
specific self assembly involved in crystalline solids.
 (CE) 
1 The number of 
components, the distance and the stereochemistry of the components and its 
limited motion in the solid-state controls the thermal and photochemical 
response of these molecular solids. CE dealt with the design of solids with 
desired physical and chemical properties by understanding and utilizing 
various supramolecular/ intermolecular interactions possible as defined by 
Desiraju in 1989. Although first coined by Pepinsky in 1955, it was Schmidt 
and co-workers that popularized crystal engineering while working with 
molecular organic solids (detailed under section 1.3.1) to understand the link 
between solid-state packing and photoreactivity which leads to the 
topochemical postulates.2 To get the best out of it one needs to understand the 
basic principles of coordination chemistry; supramolecular chemistry and the 
interactions ruling.1b, 1c, 3 Although the term CE was synonymous with organic 
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crystals during that initial period, it was recently applied to coordination 
polymers (CPs)1a, 4  
1.2 Coordination Polymers
The first ever synthesized CP was a common coloring pigment 
Prussian blue, Fe4[Fe(CN)6]3∙xH2O whose polymeric structure began to gather 
vast attention and interest only in late 1970s when its crystal structure was 
determined and other similar polymeric structures were studied for their 
magnetic properties.
 (CPs)  
5  
Robson and Wells played an important role in paving a strong 
foundation with their studies on network analysis and design of CPs.6 As the 
SciFinder index shows (Figure 1.1), the exponential growth of CPs since then 




Figure 1.1: Number of publications on coordination polymers  
until last year from SciFinder Web search. 
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Although the initial studies and designs evolved from the inorganic 
counterpart-zeolites, their recent developments and applicability has par 
excellent.7 CPs are a crystalline class of materials that can be self-assembled 
from metal ion or metal cluster (nodes), and linked by organic molecules 
(spacer ligand/connectors) through coordination bonding. Common spacers 
are usually organic molecules with electron donating atoms/ groups: 
carboxylates, pyridyl or imidazolates (Figure 1.2). The specific geometry of a 
metal center and directional nature of the coordination bond make the 
engineering of CPs much simpler than organic solids.1a, 8 Depending on the 
property, binding strength and directionality of metal ion/cluster, the reactivity 
the dimensionality, stability and properties of the network formed can be 
varied or fine-tuned, and this is known to be the design strategy in CPs. Based 
on the direction, these CPs extends in space, they can be classified as a one 
dimensional (1D), two dimensional (2D), or three dimensional (3D) polymer. 
Within the dimensionality, they could have various packing 
patterns/structures; for example, linear, helical and zig-zag in 1D; honey comb 
and square grid in 2D; diamondoid (dia) and NaCl network (pcu) in 3D. 
Interestingly, varying the metal to ligand ratio can affect the outcome of the 
assembly, and at times these variations can change the pore dimensions 
created. Unlike the organic counterparts the thermodynamics of crystallization 
can also critically influence  the formation of supramolecular isomers of CPs 
(kinetic and thermodynamic products).9 
The 3D CPs with porous channels or cavities was named as Metal 
Organic Frameworks (MOFs) after Yaghi’s report on the first rigid CP 
designed from a metal cluster and a dicarboxylic acid ligand.10 Ligand design 
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is as important as the metal ion/cluster geometry in obtaining the desired 
framework. Figure 1.2 depicts the commonly used spacer ligands in MOFs 
synthesis. Known for its diverse coordination modes and strength of the bond 
formed, carboxylates were initially used in making rigid porous CPs or MOFs 
as popularized by Yaghi since 1995.10b  
 
Figure 1.2: Commonly used carboxylate ligands and pyridyl spacers in CP 
synthesis 
 
The first of those studied even till now for various applications are the 
MOF-5 and HKUST-1. MOF-5 was built from the octahedral Secondary 
Building Unit (SBU) Zn4O(OOCR)6, while HKUST-1 was assembled from 
Cu(II) and benzene tricarboxylic acid (BTC) ligand (Figure 1.3).10-11 It was a 
breakthrough in the field of CPs that these two compounds paved the way for 
countless numbers of new structures for applications: gas storage, 
luminescent/optical materials, sensing, catalysis, drug delivery and 
electronics.1a, 12 The SBU Zn4O(OOCR)6 was later considered for Molecular 
Building Block (MBB) approach as they provide better rigidity and structural 
stability for the framework.13 Hence, this approach was later extended in 
creating isoreticular metal organic frameworks (IRMOFs) where the SBU and 
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topology remained the same while the spacer ligand is varied either through 
length or by functionalization.8d, 14  
a)  
b)  
Figure 1. 3: a) Design of IRMOFs by using the same rigid metal carboxylate 
SBU and varying spacer, from 1, 4- benzene dicarboxylic acid (BDC) in 
MOF-5 to 1,4- stillbene dicarboxylic acid (SDC) to tune the void space; b) the 
perspective view of Cu MOF, HKUST-1 with large hexagonal channels.   
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1.2.1 Porous Coordination Polymers (PCPs) 
Porous Coordination Polymers (PCPs) are crystalline materials with 
relatively high porosity for major applications such as gas storage, gas 
sequestration, drug delivery, heterogeneous catalysis etc. Around the same 
time, Kitagawa and others developed mixed ligand approach which can 
increase the variability of the framework by introducing different 
functionalities and connectivities. The pillared-layer approach introduced by 
Kitagawa where metal carboxylate forms a 2D sheet like structure and the 
pyridyl spacer ligands pillaring these sheets form flexible and soft 3D 
structures and can be well-represented by a general formulae, [M2L2P] (where 
M= Zn(II), Co(II) or Cu(II); L= dicarboxylate linker; P= neutral pyridyl based 
linker).8d, 15 
 
Figure 1.4: Two popular 3D designs in CPs: pillared-layer, the layers in blue 
color and the pillars in orange-red color and diamondoid, an adamantoid cage 
which can pack into a dia net is shown. 
 
Based on their response to the external stimuli/guest, Kitagawa 
classified these PCPs into three generations.  In his definition, first generation 
CPs are brittle and tend to lose its structural integrity on solvent removal or 
exchange; the second generation however is very stable to guest removal or 
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exchange; third generation PCPs are dynamic and flexible enough to 
reversibly respond to guest or external stimuli without collapsing of 
framework (Figure 1.5).15a The applicability of PCPs is much dependent on 
their adaptability and which generation they belong to. Ferey et al reported 
MOFs of Al(III) and Fe(III) with rigid carboxylates found to have large 
porosity and exceptional stability.16 
 
Figure 1.5: Classification of PCPs as 1st, 2nd and 3rd  generation.15a 




Figure 1.6: This shows an example of third generation PCPs which reversibly 
breathe in guest molecules in dynamic Cr(III)BDC MOF, MIL-53.17 
Reproduced from Ref 16a with permission of The Royal Society of Chemistry. 
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As discussed later in this chapter gas adsorption behavior of PCPs, depends on 
the stability of the framework even after guest removal. Thus second and third 
generation PCPs are of greater versatility. 
1.2.2 Functional Coordination Polymers (FCPs) 
Functional Coordination Polymers (FCPs) or pore modified MOFs are 
a result of pore engineering in PCPs. With tuned functionalities of the 
functional group on the ligand skeleton or with coordinatively unsaturated 
metal centres (UMC), properties such as hydrophobicity and hydrogen 
sorption can be enhanced respectively.15b, 18 Introducing metal complexes with 
two more donor sites into the PCPs, also termed as Metallo Ligands (MLs), 
was also another novel strategy employed by Hupp, Lin and coworkers to 
functionalize MOFs.19 In order to avoid the conventional polymerization of 
the ligand itself, ligands are selected with two donor atoms of different Lewis-
basicity. Macrocyclic porphyrins with peripheral donor sites are examples of 
such MLs which can be used to create pillared-layer FCPs. The importance of 
such functionalized MOFs can be exemplified by their use in heterogeneous 
catalysis and sensing. By introducing chiral ligands into FCPs, 
enantioselective organic synthesis can be conducted with relative ease.12g, 19a, 20 
Further, pillared-layer FCPs can also be used to initiate and propagate 
polymerization of substituted acetylene. The basic carboxylate oxygen sites in 
the channels/pores of the nano-narrow structure were the key to direct the 
selective trans addition of the polymerization (Figure 1.7).21 For solving issues 
such as storing greenhouse gas-carbon dioxide, amide groups are commonly 
incorporated onto the surface and channels of FCPs, acting as the guest 
interacting sites were often used to enhance the adsorption, other active 
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functionalities were found to make the channels permeable to proton 
conductivity.12d,22 
 
Figure 1.7: a) The polymerization mechanism of the ligand-catalytic 
polymerization of acidic acetylenes in [Cu2(pzdc)2(L)]n (pzdc = pyrazine-2,3-
dicarboxylate, L = 4,4ʹ -bipyridine) pillared-layer structure, b) optimized 
structure of methyl propiolate in the channel.21c Reproduced from Ref 21a 
with permission of The Royal Society of Chemistry. 
 
Finally, post synthetic pore modification is the most common approach 
to prepare FCPs with various functionalities which are otherwise inaccessible 
by regular synthetic routes and the above mentioned strategies.23  
1.2.3 Networks and Topology 
As mentioned earlier, the design principles have to stem from the 
architecture of the materials. Thus connectivities and the angles in CPs 
introduced it to the concepts of topology. Topology, a mathematical model 
that finds the relationship of neighborhood space are independent of the metric 
distances.24 As structure determine properties, topology design resulting in 
pre-constructed functional space is as important as the choice of ligand and 
metal. As such, the mathematical depiction of complicated polymeric nets and 
a systematic classification into topologies were well established by Wells and 
Robson in 1970s.6, 25  





Figure 1.8: Honey comb (6,3); Brick Wall (6,3); Square grid/Shubnikov 
tetragonal net (4,4); diamondoid (6,4) and α-Po pcu (4,6) frameworks 
topologies with the representing node in blue color. 
 
Wells introduced a notation for representing the nets as (n,p) where n 
is the number of nodes in the smallest closed circuit and p the number of links 
each node is connected to. Thus, in a (6,3) net, 6 represents that the number of 
nodes in the smallest circuit and 3, the connectivity of the nodes. As shown in 
the Figure 1.8, honey comb/ graphite and brick wall have the same 
representation (6,3) while the dia net can be represented as a (6,4) network. 
Geometrical differences are not distinguished in this notation, (6,3) represents 
both honey comb and brick wall nets when in fact the three connecting nodes 
are in triangular and T-shaped geometry respectively.   
In addition, (n,p) notation limits the description to networks with one 
type of closed circuits or when the p(p-1)/2 circuits originating from the node 
are n-gons. The restriction quickly circumvent with a more detailed symbol 
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called Schläfli notation np(p-1)/2. In a simpler way, the notation can be 
represented as Aa.Bb.Cc where A, B, C denotes the size of the ring and a, b, c 
the number of circuits from the respective nodes. For a clearer picture, the 
Schläfli symbol or point symbol for a square grid is thus 4462 as it considers 
two of the six shortest circuits and for a 3D pcu net it is 41263.1a, 26  
Diamond, quartz and feldspar are 3D, 4-connecting nets with tetrahedral 
nodes; and other popular frameworks involving 4-connecting centers are nbo, 
cds and pts where nbo and cds involve square planar nodes and pts consists 
of equal number of tetrahedral and square planar nodes. For 6-connecting net 
with octahedral nodes, NaCl is the best example having a α-Po, pcu net.26b, 26c 
One of the most frequently encountered 3D topology, the dia net lacks an 
inversion centre and are found to crystallize in non-centrosymmetric space 
groups. The prototypical non-linear optical material KDP (Potassium 
Dihydrogen Phosphate) is a textbook example of a dia net.4d, 27  
 The other common nets: nbo has square planar nodes with 90° twist 
along every connection whereas cds net only have half adjacent nodes which 
are perpendicular and the rest are coplanar. Binodal frameworks are created 
when both square planar nodes and tetrahedral nodes coexists. The pts or 
platinum sulphide is one such example with equal number of square planar and 
tetrahedral nodes; the mog has 1:2 ratio of square planar and tetrahedral nodes; on 
the other hand, trinodal nets ptt (or twisted pts) are created when there are two 
types of square nodes and tetrahedral node.28  
 




Figure 1.9: The regular and quasiregular nets in their standard and augmented 
(-a) forms.26b Reprinted from Journal of Solid State Chemistry, 178, Delgado-
Friedrichs, O.; Foster, M. D.; O’Keeffe, M.; Proserpio, D. M.; Treacy, M. M. 
J.; Yaghi, O. M., What do we know about three-periodic nets?, 2533-2554, 
Copyright (2014), with permission from Elsevier. 
 
To further discuss in detail the connectivity of the complicated nets, 
tilings are used. The topologies of nets are better studied using the concept of 
tiling whereby the space is partitioned into an array of generalized polyhedral 
with the vertices and edges of tilings corresponds to those of the net. Natural 
tilings are when the faces of the tiles are essential rings (rings which are not sum 
of small rings). For example, the dia net can be described in terms of many 
adamantane-shaped polyhedron. The regularity and exclusivity of these tiles 
are measured using transitivity number and signature of the tile. Signature of a 
tile is the record of the tile’s face symbols in the form [Mm.Nn….] where the 
tile has m faces with M sides etc.14a, 26b, 28 The vertices (p), edge (q), face (r) 
and tile (s), in combination give the transitivity number pqrs. There are five 
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regular tiles with pqrs as 1111 (dia, pcu, srs, bcu and nbo with vertex figures 
tetrahedron, octahedron, triangle, cube and square respectively).14a, 26b, 28   
 
Figure 1.10: The uninodal nets of naturally self-dual tilings. One tile is shown 
in red, and a vertex in the tile and its immediate neighbors are shown in 
darkblue. The light blue parts complete one dual tile.26b Reprinted from 
Journal of Solid State Chemistry, 178, Delgado-Friedrichs, O.; Foster, M. D.; 
O’Keeffe, M.; Proserpio, D. M.; Treacy, M. M. J.; Yaghi, O. M., What do we 
know about three-periodic nets?, 2533-2554, Copyright (2014), with 
permission from Elsevier. 
 
 
Dense net which is also called the dualing of nets, can be explained in 
a better view with the concept of tiling. When new vertices are added in the 
center of tiles and connected to each other, an interpenetrating net is formed, 
with all faces of original net cantenating to the dual net. Thus, the dual net will 
have its transitivity as srqp from pqrs net. Amongst the regular frameworks, 
srs, dia and pcu are self-duals, in which the duals have same topology as the 
orginal nets, Isohedral nets are those with one kind of tile, as uninodal is one 
with one type of node.28  
 Chapter 1 
16 
 
1.2.4 Interpenetration in CPs 
Quite often, CPs leaves some space in between when they pack due to 
geometric features of those nets. Crystal prefers close packing and abides by 
“nature abhors vacuum”. Hence, these spaces are mostly occupied by 
crystallizing solvents or counter ions and when this space is large enough, 
another similar net can interwove through the cavities or spaces creating 
interdigitation/catenation/interpenetration of nets. A network is said to be 
interpenetrating when two or more nets are not directly connected but cannot 
separate from each other without breaking of bonds.1a, 8a, 29 Due to the inherent 
porous nature most topologically defined CPs, interpenetration is a usual 
occurrence in MOFs. Even the first studied Zn(CN)2 dia network has a 2-fold 
interpenetrated structure. In 2D networks, there are different types of 
interweaving or interdigitation, parallel and inclined which sometimes leads to 
a 3D super structure. These inextricable entanglements are of major interest in 
supramolecular chemistry and have a great impact on the porosity, structure 
and functional applications.30 The highest interpenetration to be reported in a 
3D PCP is an unimaginable 54-fold!31 
Previously, elongated spacers (IRMOFs like strategy) were used in 
order to increase the porous cavity but it ended up with reduced pore volume 
due to interpenetration (Figure 1.3). Later on, researchers have either tuned 
their reaction condition or the spacer ligand to avoid interpenetration. Zhou et 
al, introduced a template-directed approach on interpenetration control in 
Porous Coordination Networks (PCN).32 The non-interpenetrated counterpart 
PCN-6ʹ, [Cu6(H2O)6(TATB)4]∙DMA∙12H2O is synthesized using oxalate as 
template and PCN-6, [Cu3(TATB)2(H2O)3] (TATB represents 4,4ʹ, ʹ -s-
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triazine-2,4,6-triyl-tribenzoate) the interpenetrated one. Interestingly the 
structural interpenetration was found to increase the H2 uptake capacity 
effectively showing 133% increase in volumetric uptake and 29% increase in 
gravimetric uptake. This result might be supported by the increased surface 
area and higher interaction energy in interpenetrated PCN (Figure 1.11). 
 
Figure 1.11: a) Interpenetrated nets in PCN-6 and non-interpenetrated net in 
PCN-6ʹ, b) N2 sorption isotherms of PCN-6 and PCN-6′ at 77 K upon 
activation at 50 °C and excess hydrogen sorption isotherms of PCN-6 and 
PCN-6ʹ at 77 K.32 Adapted with permission from (Ma, S.; Sun, D.; Ambrogio, 
M.; Fillinger, J. A.; Parkin, S.; Zhou, H.-C., J. Am. Chem. Soc. 2007, 129, 
1858-1859). Copyright (2014) American Chemical Society. 
 
The interpenetration in 3D networks is well reported and studied for 
dia and pcu. Depending on the operators which generate the array of 
interpenetrating nets, distinct classes can be recognized. Thus for a dia net 
there are three ways of interpenetrations possible; Class I, Class II and Class 
III.  
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Class I defines nets which are exclusively related by translational 
vectors along a particular axis. There are two sub Classes Ia and Ib which 
depends on the presence of Full Interpenetration Vector (FIV, shortest vector 
defining all interpenetration nets). For Class Ib, there are more than one 
translational operation defining the nets or PIVs (Partial Interpenetration 
vector) instead of FIV express the packing.33 
 
Figure 1.12: Different types of dia nets differentiated by the Class of 
interpenetration, in the given Class IIa, inversion centre is the space group 
symmetry element with FISE= -1. 
 
The Class II, on the other hand, is directed by non-translational vectors 
which are related by means of space group symmetry elements. These 
symmetry elements can mainly be inversion centers, proper/improper 
rotational axes or mirror/glide planes. In Class II, there are no FIV or PIV. 
Instead, Class IIa is guided by FISE- Full Interpenetration Symmetry Elements 
i.e. space group symmetry elements which generate all interpenetration nets 
for Z (degree of interpenetration) = 2, 3, 4 and 6; in Class IIb is several PISEs- 
Parital Interpenetration Symmetry Elements ruling the case, where it generates 
two or more equivalent interpenetrating nets, but not all nets (see Chapter 5 for 
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more examples on this). Class II is the commonly observed type when 
compared to Class I and Class III.33 
Class III nets are ruled by both translational and non-translational 
symmetry operations. It is the result of an overall entanglement of the pure 
translational elements (PIVs) and pure space group symmetry elements 
(PISEs). Similar to that of the other classes, this Class can also be further 
divided into Class IIIa and IIIb but there have been no examples for the second 
subclass. 
1.2.5 Supramolecular Isomerism in CPs 
Isomerism in coordination complexes and polymorphism in organic 
crystals can be related to the concept of supramolecular isomers in CPs. 
Similar molecular components generating different supramolecular synthons, 
makes it synonymous to polymorphism.1a In other cases, it can be with the 
same supramolecular synthons but having different geometric disposition. 
Zaworotko in his review “From Molecules to Crystal Engineering” made it 
very clear that polymorphism can be a subset of supramolecular isomerism but 
not the other way.34 Polymorphism is more common in molecules or 
supramolecular synthons which are flexible or capable of H-bonding or 
coordination. Solvent molecules are found responsible for polymorphism and 
not supramolecular isomers. Control over these two phenomenons: 
supramolecular isomerism and polymorphism, is yet a formidable challenge. 
This again take us to the statement by Maddox; “One of the continuing 
scandals in the physical sciences is that it remains in general impossible to 
predict the structure of even the simplest crystalline solids from a knowledge 
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of their chemical composition.”35 Then as Feyman asked we would be 
wondering “What would the properties of materials be if we could really 
arrange the atoms the way we want them?”36  
 
Figure 1.13: Supramolecular isomers observed a) for ML system 0D square 
molecule and a zig-zag linear chain and b) for ML1.5 system honey comb layer 
and brick wall sheet. 
 
Supramolecular isomerism in CPs can be classified as such: Structural- 
When the molecular formulae and the chemical components are the same but 
it has a different disposition in space generating different properties, 
Conformational- Often related to conformation polymorphism, when the 
flexible ligands in CPs exists as different conformers but with same overall 
structure at most times, Optical- Related to the optical isomers in coordination 
complexes, isomers crystallized in chiral space groups, Catenane- Again in 
this case, the empirical formulae and the chemical components are the same 
but vary in the degree of interpenetration-the PCN system shown in Figure 
1.11 and dia networks serve as good examples.34  
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1.2.6 Gas Sorption and Storage 
The safe storage and transportation of gases (e.g. CH4 and H2) require 
a huge amount of energy due to compression procedures. Solid material 
adsorbents like zeolites or activated carbon were used to lower the working 
pressures but both has their own limitations. Hence PCPs with uniform pores 
and channels and versatility of changing the metal ions and linker ligands has 
evolved from them as a unique class of materials. PCPs are capable of 
physisorbing the gas molecules which adhere to the host network and the 
degree of interaction or the heat of adsorption (Qst) will decide the uptake 
values and numbers. This value is calculated by applying the Clausius-
Clapeyron equation to the collected adsorption data of the PCP at two different 
temperatures. Their specific interaction sites have also helped in sequestration 
of gases due to molecule specific supramolecular interactions.7c-e, 8d, 12e, 16c, 37 
 H2 is the best clean candidate to replace the current sources of fuel. It 
has high energy density and emits no CO2 on combustion. Its storage in MOFs 
is by physiosorption and it has been found that the uptake value at 77 K has a 
close correlation with the surface area of materials.37a US Department of 
Energy has set a goal of 5.5 wt% and 40 g/L of volumetric capacity by 2017 at 
an operating temperature of 40-60 °C under a maximum delivery pressure of 
100 atm. One of the bench values of H2 uptake was shown by MOF-177 with 
gravimetric uptake of 7.5 wt% at 70 bar and 77 K. However, on increasing the 
temperature, the uptake dropped significantly. A distinct feature of the MOF is 
the UMCs created on desolvation which acts as H2 interaction sites. The 
increase in Qst due to the enhanced interaction is reflected from recent neutron 
diffraction studies.12e In order to increase the gravimetric uptake, there were 
 Chapter 1 
22 
 
attempts to reduce the weight of the framework by using alkali and alkaline 
earth metal ions or by doping them in the PCPs which also was found to 
increase the heat of adsorption. So far the highest H2 storage uptake reported 
are 164 mg/g at 70 bar and 77 K in NU-100 (NU stands for Northwestern 
University) and 176 mg/g in MOF-210 at 77 K and 80 bar.7e, 38  
Natural gas which is mostly methane needs to be pressurized and 
cooled to 191 K to convert to liquid which is expensive and hence not cost 
effective.7b, 7c Methane which has a lower carbon to hydrogen ratio when 
compared to the other common hydrocarbon fuels is a cleaner fuel and is on 
demand as an alternative fuel. There are few reports on preparing methane 
from renewable sources which increases the need of a good methane storage 
system. MOFs offer high density storage for methane by physisorption. 
Zeolites and carbon based materials were previously considered for methane 
adsorption studies. Kitagawa reported the first methane uptake studies in 4, 4ʹ - 
bpy based CPs in 1997.15c The US department of energy targets is equivalent 
to 263 cc (STP: 273.15 K, 1 atm)/cc for volumetric uptake. HKUST-1 exhibits 
an uptake of 267 cc (STP)/cc at 65 bar and 298 K is the highest reported so 
far.11, 39 As volumetric uptakes are based on ideal single crystal densities, the 
packing densities of MOFs are much lower in reality, thus a formidable 
challenge. Raman spectroscopic investigation and neutron diffraction studies 
have shown that methane gas molecules were found to adhere to the linkers 
inside the framework cavity under operational temperature and pressure.40 As 
some other recent studies support hydrocarbon guest prefers hydrophobic host 
surfaces,41 these results points to the critical role played by linker molecule in 
methane uptake unlike the other gases. At higher pressure methane-methane 
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interactions increase and thus strategies should be developed to pack 
efficiently within the pores of sorbent. Thus the greater challenges on efficient 
methane storage involve designing materials with efficient interactive site 
even at high pressures and to increase the volumetric capacity by increasing 
the packing density of material.12b 
1.3 
Crystal Engineering has gained appreciation in its initial days by 
explaining or designing solid-state reactions. Solid-state reactions occur in the 
most selective way as the crystals impose constraints on the specific positions 
and conformations of the constituents with fixed intermolecular distances and 
hence interactions. It occurs in a quantitative stereoselective way which 
solution state reactions can never reach up. Thus the intrinsic reactivity of 
molecules are different from the solid-state reactivity, it owes to the 
supramolecular interactions which are essentially anisotropic.
Solid-State Reactions 
1b, 42 Organic 
crystal engineering deals with a number of such thermal and photoreactions in 
solid-state. These structure-property-reactivity relationships gave rise to the 
field of topochemical and topotactic reactions. Thus the bimolecular reactions 
depends on the distance, packing and intermolecular interactions between the 
components whereas unimolecular reactions with intramolecular interactions 
and least molecular motion.1c, 43 May be due to the even stronger connections 
to the lattice, solid-state reactions reported in CPs are rare, but it rather deals 
with structural transformations in solid-state. These structural transformations 
can be stimuli driven by heat, light or mechanical forces. 
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1.3.1 [2+2] Cycloaddition Reaction 
For past few decades photodimerisation reactions are studied 
extensively in organic molecules, coordination compounds and polymers. Two 
new σ-bonds are formed between the carbon atoms to yield cyclobutane rings 
during the photo-chemical reactions. The organic reaction has been responsible 
for a number of solid-state structural transformations due to change in the 
connectivity, dimensionality and interpenetration. Classic research works in this 
field is discussed in this section. Crystallographic state and environmental 
factors influence the reactivity of the organic solids, than the intrinsic 
reactivity of the molecule. For example, trans cinnamic acid which merely 
isomerizes in solution, was found to dimerize in solid-state as early as 1889 by 
Leibermann.44  
As introduced under section 1.1, G. M. J. Schmidt and co-workers 
have extensively investigated the photochemical reactivity of different 
polymorphs which laid foundations for solid-state organic photochemistry as 
well as crystal engineering.2a, 45 This was followed by the reaction cavity 
approach proposed by Cohen which again stress on that least geometrical 
changes are found to proceed to product in rigid crystals.46 The different 
polymorphic forms of cinnamic acid was found to pack as linear stacks and 
they differ in the repeat distance and symmetry of the packing as shown in 
Figure 1.14.2a 




Figure 1.14: Photoreactivity of three polymorphic forms of cinnamic acids. 
 
The α-type polymorph had a centro-symmetric head-to-tail (HT) 
relation between the monomers which yields α-truxillic acid dimer. Whereas 
the β-type polymorph crystallizes with mirror symmetry, a head-to-head (HH) 
relation between the monomer molecules which on irradiation yields β-
truxinic acid dimer. The third γ-form had a repeat distance greater than 4.2 Å 
and was found to be photostable. Schmidt thus postulated the topochemical 
criteria as 1) the olefins should be aligned parallel with a distance lesser than 
4.2 Å between the olefinic bond pairs and 2) the reaction should take place 
with minimum atomic movement. This minimum movement of atoms or 
molecules in the solid-state leading to the reaction is known as topochemical 
reaction.47 Since the structure of the product is correlated with the geometry of 
the reactant solid in the crystal lattice, the stereochemistry of a solid-state 
reaction is, in general, predictable. Most of the photodimerisation reactions 
reported in the literature were found to follow these topochemical postulates 
of Schmidt. 2c, 43a, 43b, 44, 48  
 Chapter 1 
26 
 
Various possibilities of this cycloaddition reaction were explored and 
supramolecular systems designed using appropriate synthons were utilized to 
align the double bonds in the solid-state. Similarly, coordination compounds 
were designed using the metallophilic interactions and metal-carbon 
interactions (Figure 1.15) have been exploited in bringing the coordination 
compounds in the right stereochemistry and alignment for 
photodimerisation.49  
 
Figure 1.15: A view showing the transformation of a discrete complex into a 
dimeric 1D CP due to the formation of Ag⋅⋅⋅C interactions. 
 
Later Vittal et al, has shown how the directionality of coordination 
bonds in CPs were used to design ladder type CPs with judicious choice of 
metal ion and bridging ligand; which has an inherent alignment to cause 
dimerisation in solid-state.50 The Zn(bpe) chains runs parallel to each other are 
connected and brought together within the Schmidt’s criteria by the bridging 
acetate in [((CF3COO)(μ-O2CCH3)Zn)2(μ-bpe)2]. This 1D CP on irradiation 
with UV forms [((CF3COO)(μ-O2CCH3)Zn)2(rctt-tpcb)] (Figure 1.16).50c   




Figure 1.16: 1D to 1D′ structural transformation in ladder structures. 
 
Several CPs and hydrogen-bonded CPs were reported later on to align 
and study the photoreactivity of double bonds. Interestingly some CPs 
underwent structural transformations before it dimerise, as shown in section 
1.3.2. These photodimerisation reactions were also found to increase the 
dimensionality of the polymer in few cases, i.e., from 0D to 1D, 1D to 2D and 
2D to 3D and it has resulted into networks which are otherwise inaccessible. 
But such studies on higher dimensional CPs are quite rare. 51 
 





Figure1.17: Perspective views of structural transformations a) in a 1D 
interdigitated CP to a 2D sheet structure and b) a 2D interdigitated sheet to 3D 
pillared-layer MOF. 
 
A linear 1D CP [Cd(1,3-BDC)(4-spy)2] (where 1,3-H2BDC = 1,3-
benzenedicarboxylic acid and 4-spy is  4-styrylpyridine), the two axial positions 
in each Cd(II) atom with octahedral geometry are occupied by the 4-spy ligands 
and the packing reveals that one of the two 4spy ligands is well-aligned with its 
partner from the neighboring strand with C···C distance of 3.86 Å (Figure 1.17a). 
In other words, 50% of the 4-spy ligands can undergo HT dimerization above and 
below the 1D strand.52 Indeed, SCSC reaction occurs under UV light and the 
resultant compound [Cd(1,3-BDC)(4spy)(HT-ppcb)0.5] (where HT-ppcb = 1,3-
bis(4ʹ-pyridyl)2,4-bis(phenyl)cyclobutane) and this 2D CP on hydrothermal 
reaction with dilute H2O2 forms a novel furan derivative coordinated to the Cd(II) 
through its pyridine rings which could not be prepared in other usual synthetic 
ways. In another report a 2D interdigitated CP [Zn2(cca)2(4spy)2] (where cca = 
4-carboxycinnamate) was found to photodimerise under UV light to form a 3-
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fold interpenetrated MOF, [Zn2(cca)2(rctt-4-ppcb)] (where rctt-4-ppcb = 1,3-
bis(4′-pyridyl)-2,4-bis(phenyl)cyclobutane) (Figure 1.17b).53 
 
Figure 1.18: ‘Out-of-phase’ photoreactivity of bpeb in (left), and ‘in-phase’ 
photoreactivity of bpeb in (right). 
 
In another case, possibility for double [2+2] reaction was studied in 
two 3D CPs. As shown in Figure 1.18, only one double bond is in- phase in 
the first case; in the second case both are in-phase giving rise to the double 
dimerised 3D CP in a SCSC manner.54 
1.3.2 Reversal of [2+2] Cycloaddition Reaction 
Reversibility of this cycloaddition reaction was interesting to organic 
chemists for more than 50 years.55 It changes the luminescence properties of 
molecules and hence was a good option to be used as optical data storage 
materials.56 Although [2+2] cycloaddition reaction is active for last few 
decades until recently there were no reports on any such studies in CP 
literature. Based on the results obtained in the course of this thesis work, our 
group reported a few cases where we could reverse the whole cycloaddition 
reaction and even cycle it for many times. 




Figure 1.19: Perspective view of a polymerisation - depolymerisation reaction 
in a 3D dia MOF.57 
 
A 3D MOF [Zn(bpeb)(1,4-BDC)] (where bpeb is 1,4-bis[2-(4-
pyridyl)ethenyl]benzene) with 6-fold interpenetrated dia network has out-of- 
phase aligned double bonds which are infinitely parallel between the 
interpenetrating networks. Thus on photo-irradiation it polymerizes in a SCSC 
fashion to form a single framework, [Zn(poly-bppcb)(1,4-BDC)] (where poly-
bppcb is 1,3-(4,4’-bipyridyl)-2-phenylcyclobutane polymer) having novel 
topology due to in the “infinite” cyclobutane ligand that was formed (Figure 
1.19).57 Recently, one discrete complex undergoing reversible cycloaddition 
reaction, and another 3D CP was also undergoing reversible cycloaddition 
reaction many times.58 
1.3.3 Pedal Motion in Coordination Polymers 
The solid-state photodimerisation reaction is expected to occur only 
when the two reacting olefins are aligned parallel to each other and separated 
by less than 4.2 Å, as discussed under section 1.3.1. The crystal structures of a 
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number of photoreactive solids are found to be consistent with this 
postulate.48c, 48d, 49a, 50b, 51b-e, 51h, 51k, 52, 54, 59 On the contrary, although the solid-
state  photoreactivity of several compounds with crisscross orientation of C=C 
bond pairs appears to violate this postulate, they have been rationalized to 
involve pedal motion prior to the photoreactions.49b, 50b, 51j, 60  
 
 
Figure 1.20: a) Pedal motion of azobenzene, b) bicycle pedal with bpe and c) 
disordered crystal structure of azobenzene at room temperature. a) and c) 
reproduced from Ref. 61 with permission of The Royal Society of Chemistry. 
 
Pedal motion is a dynamic phenomenon and it creates a dynamic 
disorder which shows different population for different conformers with 
temperature.61 The crystal structures mostly determined by X-ray diffraction 
studies provide only time-averaged structure and hence pedal motion and 
interconversion between the conformations often result in disorder.62 Harada 
and Ogawa have shown that pedal motion can also occur without showing any 
crystal structure disorder.61 When pedal motion is not accompanied by 
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disorder then it might be due to the larger activation energy required for the 
rotation/interconversion or due to the instability of the minor component. 
There are few reports in CPs in which the olefin molecules were found to 
undergo pedal motion with stimuli like guest exchange, light or heat. Solid-
state reactivity of molecules with dynamic properties has to be interpreted 
with reference to the pedal motion as it plays an important role and is invisible 
to usual characterization techniques. 
1.3.4 Structural Transformations in Coordination 
Polymers 
A linear chain CP [Ag(bpe)(H2O)](CF3COO)·CH3CN was isolated as a 
kinetic product in one of the attempted syntheses of the ladder polymer 
[Ag2(bpe)2(CF3COO)2]. The olefinic bonds of the bpe ligands are far away 
(5.15 Å) to satisfy the topochemical distance criterion. However, the 
desolvated powder showed quantitative formation of cyclobutane ring under 
UV light as confirmed by 1H-NMR experiments. The loss of coordinatively 
bonded aqua ligands at such a low temperature suggests some kinds of 
structural transformation in the solid-state. This photoreactivity confirms the 
formation of a thermodynamically stable ladder structure by the cooperative 
anisotropic molecular movements of the adjacent 1D chains occur during the 
desolvation process (Figure 1.21), which is stabilized by Ag⋅⋅⋅Ag and π⋅⋅⋅π 
interactions.63 




Figure 1.21: Rearrangement of a linear CP to a photoreactive ladder structure 
by desolvation. 
 
Figure 1.22: Transformation of a linear CP to a photoreactive ladder structure 
upon dehydration of the water aggregate in the lattice. 
 
A similar rearrangement occurred for a linear CP, [Pb(bpe)(O2C-
C6H5)2]·2H2O to a ladder polymer [Pb2(bpe)2(μ-O2C-C6H5)2(O2C-C6H5)2] by 
thermal dehydration of the guest water molecules within the lattice.59a In this 
case, the structural transformation to the photoreactive ladder structure was 
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again confirmed by PXRD and other characterizations of the UV irradiated 
product (Figure 1.22).  
1.3.5 The Chemistry of Cyclobutane ligands  
Selective synthesis of regioselective cyclobutane derivatives are of 
interest for synthetic chemists as starting materials for many cyclic and acyclic 
natural product for decades due to their inaccessibility from solution 
chemistry. The chemistry of cyclobutane ligands due to its thermal reactivity, 
rearrangements has an increased impact in organic synthesis.55b, 55c, 64 The 
cyclobutane derivative can exist in four regio isomers, namely rctt (regio cis-
trans-trans relative to the one substituent as reference), rtct, rcct and rccc as 
shown in Figure 1.23. Cycloaddition reaction as thermally forbidden was 
prepared by photodimerisation of olefnic double bonds as discussed in the 
previous section. However, almost all the solid-state [2+2] cycloaddition 
reactions have yielded exclusively or as major product the rctt isomer.49-50, 50c, 
51h 
 
Figure 1.23: Stereo isomers of cyclobutane ring. 
 
These four membered rings are found to cleave both thermally and 
photochemically, but as studied theoretically the diradicals formed have two 
possibilities, either to cleave back to form monomers or to recombine forming 
the other stable isomer.65 Energy factors decide the product formation and 
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most of the reports in solution state has resulted in a mixture of products 
(Chapter 7 provides further insights on this). The reversibility of cycloaddition 
was reported in few organic systems which can result in switching of optical 
properties.55a, 56a, 56b, 66 Hence it was interesting to explore these properties in 
CPs by introducing these cyclobutane ligands as spacer molecules. 
Cyclobutane ligands are easily prepared by the cycloaddition reaction of 
corresponding monomers, and hence 1,2-bi(4ʹ-pyridyl)ethylene (bpe) 
dimerises to form rctt-tpcb (tetrapyridyl cyclobutane). This was rarely used as 
ligand in CPs4g, 67 and it was also found to isomerize thermally in solution to 
form the rtct isomer under basic or acidic condition.68  
1.4 
The research work presented in this dissertation explores designing 
multidimensional CPs with desired solid-state reactivity. The main foci of the 
study are: i) to design photoreactive CPs, ii) to study the thermal reversibility 
of the dimerised CPs, iii) to find a structure-property relationship for gas 
adsorption in suitable MOFs, iv) to analyze and design various intriguing 
topologies in CPs and v) to look at the thermal reactivity of cyclobutane 
derivatives in molecular crystal as well as in CP. As structure determines 
properties, understanding structural transformations of CPs at the molecular 
level is essential in forming the basis for material design. Even though 
structural transformations are regularly characterized by XRD methods, it 
remains a challenging task to obtain single crystals of the transformed 
products. In this thesis, two types of olefin ligands – bpe, pvba and three 
cyclobutane derivatives - TCCB, rtct-tpcb and rctt-cbtc will be used to build 
Aim and Scope of the Dissertation 
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CPs of interest. Their transformations and properties will be detailed in the 
following seven chapters.  
Structural transformations of linear CPs photoreactive CPs were rarely 
explored in transition metal containing CPs, probably due to the presence of 
spin half nuclei; this kind of structural transformation in a Cu(II) CP is 
investigated in Chapter 2. Following, Chapter 3 details the difference in the 
reactivity of a pair of supramolecular isomers on photo-irradiation. Redox 
transition metal ions like Cu(II) and Co(II) with asymmetric olefinic ligands 
which were not commonly utilized to study the photoreactivity are explored in 
Chapter 4. Further, photoreactivity study on asymmetric ligand pvba is utilized 
to exploit the possible HT and HH alignments of the ligand on self-assembled 
CPs, and the reversibility of the cycloaddition reaction will also be examined 
in Chapter 4. Chapter 5 describes the control of interpenetration in dia 
networks in two different ways and its effect on gas adsorption properties.  
TCCB (rctt-1,2,3,4-tetrakis-(4ʹ-carboxyphenyl)-cyclobutane) is a 
rather unexplored ligand, synthesized via [2+2] cycloaddition of 1, 4- stilbene 
dicarboxylic acid (SDC),69 the planar 4-connecting nature makes it an 
interesting ligand to build pillared-layer PCPs. Further, although rctt-tpcb 
synthesized from the cycloaddition reaction of bpe has been investigated as a 
spacer ligand, the corresponding rtct-isomer is rarely explored for this 
purpose. Hence, the tetrahedral form of tpcb (i.e., rtct-tpcb) is used as a co-
ligand along with TCCB and transition metal ions to design novel PCNs. 
Thus, control on pore size in pillared-layer PCPs by varying the spacer length 
and designing of PCNs with intriguing topology by using two multi-topic 
ligands, TCCB and rtct-tpcb will be investigated in Chapter 6.  
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The cyclobutane derivatives obtained by [2+2] cycloaddition reactions 
is usually the rctt-isomer despite the rtct-isomer being the most stable isomer. 
Although the isomerization of the rctt-isomer to rtct-isomer has been observed 
in solution, they have not been investigated in the solid-state. Hence, for the 
first time, this solid state structural isomerization will be presented in Chapter 
7. Extending beyond molecules, the thermal isomerization of rctt-isomer to 
rtct-isomer has also been attempted in CPs.  Predesigned thermally stable CPs 
network structures with novel topologies formed by rctt-cbtc with alkali and 
alkaline-earth metal ions will be described in the final chapter.  
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Crystallization is a kinetic process and the experimental conditions 
like solvents, concentration, pH, temperature and time have great control on 
the nature of the products in the synthesis of coordination network structures. 
During crystallization, the ligands bind to the metal ions reversibly and, hence, 
the least soluble polymer will crystallize first, independent of the metal–
ligand ratio used in the crystallization.1 In the kinetic products, quite often 
the solvents are bonded to the metal ions. The removal of these 
coordinated solvents is likely to transform the kinetically formed coordination 
polymers (CPs) into thermodynamically stable products.2 Solid-state restricts 
the movement of atoms or molecules in the lattice, instead these movements 
will be directed by supramolecular interactions which might result in 
interesting structures not attainable by usual synthetic means. Such structural 
transformations have been demonstrated in many coordination polymeric 
network structures, if the solid-state structure of the products can be 
determined unequivocally. This has been accomplished in three ways. (1) The 
thermodynamic products retain their single crystalline nature and can be 
unequivocally solved by single crystal diffraction (SXRD). (2) The powder X-
ray diffraction patterns (PXRDs) are matched with the known structures 
reported in the literature or the simulated patterns of the single crystals 
obtained independently. (3) A third approach is solving the crystal structures 
from the PXRD patterns, which is unfortunately not accessible to researchers 
yet as a routine technique. If the structural transformation to the 
thermodynamic product is accompanied by the parallel alignment of double 
bonds, then the photochemical reactivity could be tested through the formation 
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of cyclobutane rings from [2 + 2] cycloaddition reactions.3 Such experiments 
have been successfully used to predict the structural transformation of linear 
CPs to photoreactive ladder structures due to desolvation.2d,4 Although some 
of these transformations are anticipated from topochemical principles, it is 
mostly unpredictable. Hence, more prototypical examples are needed to 
establish the usage of photochemical reactions to follow the formation of 
thermodynamically stable ladder structures in the structural rearrangements. 
Here, we describe the structural transformation of a DMF coordinated linear 
CP [Cu(O2CCF3)2(μ-bpe)(DMF)], (2-1) which is a kinetic product, to a 
thermodynamically stable sheet/layer structure, [Cu(μ-O2CCF3)2(μ-bpe)] (2-4) 
or ladder structure, [Cu2(μ-O2CCF3)2(O2CCF3)2(μ-bpe)2] (2-2) by the loss of 
coordinated DMF, depending on whether desolvation is done on the single 
crystal or the ground powder. Further, the sheet structure is transformed to the 
ladder structure when the desolvated single crystals are ground to powder. The 
formation of these structures was inferred from the percentage of cyclobutane 
rings formed as monitored by the 1H-NMR spectroscopy. 
2.2 Results and Discussion 
Cu(II) ions are widely used in the synthesis and studies of MOFs due 
to their predictable coordination geometry and  stability of the resulting 
structures. In the case of photoreactivity and structural transformations they 
have been rarely utilized probably due to the presence of paramagnetic nature 
which hinders routine characterization by 1H-NMR spectrocopy.5 Solid-state 
properties of molecules are closely related to their structures, and hence 
transformation of structures is of great importance as it is a unique way of 
obtaining interesting structures which are otherwise inaccessible. In this 
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chapter, design principles were proposed to make photoreactive ladder 
polymers but a linear CP was obtained due to solvation of DMF. Interestingly 
this kinetic product underwent structural transformation to form the 
photoreactive ladder like coordination polymer. 
2.2.1 Structural analysis of [Cu (O2CCF3)2(μ-bpe)(DMF)]  (2-1)   
Blue hexagonal crystals of [Cu(O2CCF3)2(μ-bpe)(DMF)], 2-1, were 
isolated from slow evaporation of the DMF solution of Cu(OAc)2, 1,2-bi (4′-
pyridyl) ethylene (bpe) and trifluoroacetic acid in the molar ratio of 1: 1: 2 
after two days. The solid-state structure as determined by X-ray 
crystallography revealed that it belongs to the monoclinic space 
group P21/n with Z = 4 and the asymmetric unit has the whole formula unit 
with the Cu(II) centre in a distorted square-pyramidal geometry. The square 
plane is occupied by two oxygen atoms O1 and O3 of the 
trifluoroacetate ligand and by two nitrogen atoms, N1 and N2 in trans fashion 
as shown in Figure 2.1. The apical position is occupied by the oxygen atom of 
a DMF ligand. The CF3 and CH3 groups in the trifluoroacetate anions and 
DMF are disordered in the crystal structure. 
a)  




Figure 2.1: A perspective view showing a) the coordination environment 
around Cu(II) in 2-1 and b) a portion of the linear CP 2-1. No disorder is 
shown and the hydrogen atoms are omitted for clarity. Symmetry Codes: A = 




Figure 2.2: a) The slip-stacked arrangement of neighbouring chains of 2-1, b) 
packing of 1D chains in the ac-plane. Hydrogen and fluorine atoms are not 
shown for clarity. 
 
 Chapter 2 
51 
 
The 1D chain is propagated due to n-glide as shown in Figure 2.1. The 
linear chains are packed one below the other in an ABAB fashion in the ac-
plane, with the closest Cu∙∙∙Cu distance of 8.12 Å between these adjacent 
strands as shown in Figure 2.2. 
2.2.2 Thermal dehydration and structural transformation 
As such, the structure is not expected to show any photoreactivity due 
to the absence of any aligned bpe pairs and it has been tested under UV light 
to be found so. Interestingly the TGA analysis of the ground sample of 2-
1 shows that the coordinated DMF started leaving from 83.5 °C, which is 
much lower than its boiling point, 153 °C (Figure 2.3). Such a loss of 
coordinated solvents at relatively low temperature indicates the drive for the 
crystal to attain its thermodynamically stable structure.6  
 
Figure 2.3: TG–DTG curves of single crystals of 2-1. 
 
Indeed, the PXRD pattern of the ground sample does not exactly match 
with those generated from single crystal data (shown in Figure 2.6), 
confirming that the heat generated during grinding is enough to trigger the loss 
of the coordinated DMF molecules and the subsequent structural 
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transformation process. The single crystals ground for 30 min using a pestle 
and a mortar show only 3.4 % weight loss due to DMF in TG in support of 
this hypothesis (see Figure 2.4) and the PXRD pattern is again different from 
that of the room temperature one (as shown in Figure 2.6). The structural 
transformation is completed at 165 °C according to the VT-PXRD patterns 
recorded in vacuum (Figure 2.5). 
 
Figure 2.4: TGA curve of 2-1 after grinding for 30 min, showing the DMF 
weight loss of 3.4% in the range 50 to 170 ºC. 
 
 
Figure 2.5: VT-PXRD of 2-1 in vacuum showing the phase change starts at 
RT and completes at 165 °C. 




The single crystals of 2-1 that were ground to powder for 30 min using a 
pestle and a mortar, and then desolvated by heating at 140 °C for 10 h in 
N2 flow (now called 2-2) show photoreactivity under UV light. 
 
Figure 2.6: PXRD pattern of cpd 2-1, cpd 2-1 after grinding, cpd 2-2 and cpd 
2-4 after grinding.  
 
 Interestingly 2-2 undergoes 100% solid-state [2 + 2] cycloaddition 
reactions in 48 h as indicated by the complete disappearance of 
alkene protons at 7.8 ppm and the formation of cyclobutane rings at 5.3 ppm 
in the 1H-NMR spectroscopy of the irradiated sample dissolved in 
D2O solvent with a drop of nitric acid to digest the polymer as well as to 
remove the paramagnetic species (Figure 2.7). 




Figure 2.7: 1H-NMR spectra of single crystals of 2-1, ground and 
desolvated 2-1 (2-2), irradiated product using desolvated single crystals of 2-
1 (2-4), and irradiated product using 2-2 (2-3). 
 
From the 1H-NMR spectral data and elemental analysis, it is realized 
that the irradiated product of 2-2 (called 2-3) has resulted from the ladder 
structure, which is likely formed when the single crystals were ground and 
desolvated. Hence, it may be concluded that the removal of coordinated DMF 
from the ground sample of 1 induced the structural transformation of linear 1D 
CP to a ladder structure, 2-2, which readily undergoes 100% [2 + 2] 
cycloaddition reaction in the solid state. 
 Similar transformations have been observed before.2d,4 Photochemical 
cycloaddition was utilised as a tool to follow a dehydration induced structural 
transformation in a Cd based coordination polymer.4b Another photostable Pb 
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1D chain coordination polymer was also found to rearrange to a photoreactive 
ladder type coordination polymer on dehydration.4a  
Therefore, the observed photoreactivity confirmed the structural 
conversion of solvent-bound 1D CP to the thermodynamic ladder structure by 
thermal desolvation. Interestingly, the behaviour of the desolvated single 
crystals of 2-1 (called 2-4) is different from 2-2 and exhibited only a 
maximum of ~80% photo-reactivity (see Figure 2.7) in 12 h. The reaction did 
not go to completion even after prolonged irradiation under UV light for 3 
days. Such incomplete photo-conversion has been shown to take place only 
when the infinitely parallel alignment of the double bonds present in the 
structure, for which the maximum yield has been theoretically calculated to be 
82–87% based on the recurrence relations.7 In other words, the solid-state 
structure of the desolvated single crystals of 2-1 (called 2-4) is expected to be 
a two-dimensional sheet/layer structure with an infinite parallel alignment of 
bpe ligands. The Cu(II) atoms between the adjacent strands are bridged by two 
trifluoroacetate ligands on each side, as depicted in Scheme 2.1. However, the 
desolvated single crystals of 2-1 when ground to powder for 15 min showed 
100% photoreactivity, indicating that the 2D CP 2-4 is transformed to a ladder 
structure, 2-2. This is implied from the fact that this ground powder, 2-2, 
readily undergoes a quantitative photodimerisation reaction (see Figure 2.7). 
Such structural transformation of a sheet structure to a ladder structure by 
mechanical grinding seems to be unique and not observed before. Simple [2 + 
2] cycloaddition reaction has assisted here in unravelling this structural 
transformation by grinding the sample. The proposed structural 
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transformations that occur in this system are summarized in Scheme 
2.1 below. 
 
Scheme 2.1: The structural transformations of the linear CP to sheet and 
ladder structures by desolvation and desolvation after grinding of the single 
crystals. 
2.3 Conclusion 
In conclusion, we have observed that the DMF coordinated to Cu(II) in 
a linear CP containing the bpe ligand could be removed at a very low 
temperature well below the boiling point of DMF, indicating a solid-state 
structural transformation to a thermodynamically stable structure. The 
structural changes accompanied by DMF removal by two different methods 
were investigated by [2 + 2] cycloaddition reaction, in the absence of single 
crystals. If the single crystals were desolvated by heating, it was transformed 
to a 2D sheet structure. When the desolvated single crystals were ground to 
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powder, the layer structure was converted to a ladder structure. When the 
single crystals were ground to powder and then heated to remove the 
DMF ligands, a ladder structure was formed directly. The formation of 2D and 
ladder structures was rationalized by the amount of cyclobutane rings formed 
under UV light, as monitored by the 1H-NMR spectroscopy. The thermal 
desolvation behaviour of the linear CP could be predicted from neither the 
crystal packing nor the topochemical principles. Hence, the solid-state 
structural changes noted here may be ‘the tip of the iceberg’. Similar 
interesting solid-state structural behaviour could very easily not be noticed by 
the researchers. It has been observed that mechanical grinding can influence 
pedal motion and accelerates the reactivity.8 It is rather surprising that 
mechanical grinding can effect structural change from a 2D sheet to a ladder 
structure. This structural transformation by mechanochemistry seems to be 
novel to the solid-state transformation reports. Further, CPs with paramagnetic 
metal ions have rarely been reported to undergo [2 + 2] cycloaddition 
reactions5,9 as they hinder the cycloaddition reactions as well as routine 1H-
NMR characterization in solution.  
2.4 Experimental Section 
2.4.1 Syntheses and Characterization 
Materials and General Methods: General methods and instrumentation 
details can be found in Appendix-1. The physicochemical properties of 
compounds are given in Appendix-2. 
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Synthesis of [Cu (O2CCF3)2(µ-bpe)(DMF)] (2-1): Trifluoroacetic acid (3.2 
ml, 0.4 mmol) and bpe (36.4 mg, 0.2 mmol) in DMF (2 ml) were added 
consecutively to a solution Cu(CH3COO)2·H2O (40 mg, 0.2 mmol) in DMF 
solution (2 ml). Slow evaporation of the clear aqua-blue solution resulted in 
blue hexagonal platy crystals of 2-1 in a day. Yield = 27.6%. 1H-NMR δH (300 
MHz, D2O), 8.70 (4H, d, pyridyl protons), 8.18 (4H, d, pyridyl protons), 7.80 
(2H, s, -CH=CH-), 2.91 (3H, s, DMF protons), 2.76 (3H, s, DMF protons). 
Elemental analysis (%) Found: C, 42.36; H, 2.85; N, 7.86 Calcd for 
Cu(TFA)2(bpe)(DMF) = CuC19H17F6N3O5 : C, 41.88; H, 3.14; N, 7.71. TGA 
shows the DMF weight loss: Calcd 13.4%, found 14.0%.    
Synthesis of [Cu (O2CCF3)2(µ-bpe)] (2-2): Compound 2-1 was heated at 140 
°C in N2 flow for 10 h to obtain pale blue crystals., 1H-NMR δH (300 MHz, 
D2O), 8.70 (4H, d, pyridyl protons), 8.18 (4H, d, pyridyl protons), 7.80 (2H, s, 
-CH=CH-). Elemental analysis (%) Found: C, 40.34; H, 2.31; N, 5.61. Calcd 
for Cu (TFA)2(bpe) = CuC16H10F6N2O4: C, 40.73; H, 2.14; N, 5.94. TGA 
shows no weight loss until 240 °C.  
Conversion of 2-2 to [Cu (O2CCF3)2(µ- rctt - tpcb)] (2-3): Compound 2-2 
was irradiated under UV lamp for 48 h to obtain pale blue crystals of 2-3. 1H-
NMR δH (300 MHz, D2O), 8.59 (8H, d, pyridyl protons), 7.91 (8H, d, pyridyl 
protons), 5.34 (4H, s, cyclobutane protons). Elemental analysis (%) Found: C, 
40.34; H, 2.51; N, 5.76 Calcd for Cu (TFA)2(µ- rctt - tpcb) = 
CuC16H10F6N2O4: C, 40.73; H, 2.14; N, 5.94.  TGA shows no weight loss till 
230 °C.  
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2.4.2 X-ray Crystallography 
 Intensity data for 2-1 was collected at 100(2) K on a Bruker APEX 
diffractometer attached with a CCD detector and graphite-monochromated 
MoKα (λ = 0.71073 Å) radiation using a sealed tube (2.4 kW). An empirical 
absorption correction was applied to the data using the SADABS10 program. 
Both the structures were solved by using direct methods and refined on F2 by 
full- matrix least squares procedures with SHELXTL.11 Crystal data as well as 
details of data collection and refinement are summarized in Table 2.1.  




Empirical Formula C19H17CuF6N3O5 
Formula Weight 544.90 
Temperature 100(2) K 
Wavelength λ, (Ǻ) 0.71073 
Crystal System Monoclinic 




α, (deg) 90 
β, (deg) 112.950(2) 
γ, (deg) 90 
V, (Ǻ3) 2259.3(3) 
Z 4 
Dcalcd, Mg cm-3 1.602 
Absorption Coefficient μ,mm-1 1.052  
F(000) 1100 
Crystal Size, mm3 0.46 x 0.26 x 0.10 
Theta range for data collection(°) 2.37 to 27.47°. 
Index Ranges -16<=h<=16, -10<=k<=11, -
21<=l<=19 
Reflections Collected 15400 
Independent reflections 5150 [R(int) = 0.0587] 
Completeness to theta = 27.47° 99. 7% 
Data[I> 2σ(I)]/ restraints/ 
parameters 
5150/ 60 / 337 
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GOF on F2 1.029 
Final R indies[I> 2σ(I)]a,b 
 
R1 = 0.0660, wR2 = 0.1542 
Final R indies (all data) a,b R1 = 0.0773, wR2 = 0.1615 
Largest diff. peak and hole 1.155 and -0.777 e.Å-3 
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Photoreactivity of Polymorphs of a Ladder 
Polymer with  
































 The topochemical postulate states that a reaction in the solid-state 
occurs with minimum atomic or molecular movements. Thus the structure of 
the product is correlated with the geometry of the reactant solid in the crystal 
lattice.1 The [2+2] cycloaddition reaction of olefin groups in the solid is a 
typical topochemical reaction.2 Therefore the solid-state photodimerization 
reaction is expected to occur only when the two reacting olefins are aligned 
parallel to each other and separated by less than 4.2 Å. The crystal structures 
of a number of photoreactive solids are found to be consistent with this 
postulate.3 In contrast, although the solid-state photoreactivity of several 
compounds with criss-cross orientation of C=C bond pairs appears to violate 
this postulate; they have been rationalized to involve pedal motion prior to the 
photoreactions.3k,4 This pedal motion is a dynamic phenomenon.5 The crystal 
structures mostly determined by X-ray diffraction studies provide only time-
averaged structure and hence pedal motion and inter-conversion between the 
conformations often result in disorder.5g Harada and Ogawa have shown that 
pedal motion can also occur without showing any crystal structure disorder.5d  
As discussed in the last chapter, crystallization is a kinetic process and 
experimental factors play a critical role in the coordinative self assembly. 
Kinetic and thermodynamic control of this self assembly might result in 
distinct compounds of interesting properties. We have accidentally obtained 
two ladder coordination polymers (CPs) of [Zn2(μ-O2C-p-Tol)2(O2C-p-




pyridyl)ethylene) crystallized in two different space groups. They are found to 
have the same connectivity but differ only in the alignment of the C=C bond 
pairs, namely, parallel (3-1) and antiparallel (3-2) orientations without any 
disorder in the solid-state. Such orientations provided an opportunity to 
investigate the photoreactivity between the polymorphic forms in CPs, similar 
to the classical examples of the polymorphic forms of cinnamic acid by 
Schmidt.2 Interestingly the crisscross form (3-2) has been isolated as an 
intermediate (kinetic product) along with a linear CP based on a paddle wheel 
node, [Zn2(μ-O2C-p-Tol)4(bpe)] (3-3), during the formation of ladder CP 3-1 
with parallel orientation of C=C bond pairs (thermodynamic product). 
Further 3-1 undergoes single-crystal to single-crystal (SCSC) photochemical 
[2+2] cycloaddition reaction to yield another ladder structure [Zn2(μ-O2C-p-
Tol)2(O2C-p-Tol)2(rctt-tpcb)], (3-4) (rctt-tpcb = regio-cis,trans,trans-
tetrapyridylcyclobutane), whereas 3-2 does not retain its single crystallinity 
after complete conversion of bpe to rctt-tpcb. The structural transformations 
are discussed in detail in this chapter. 
3.2 Results and Discussion 
One dimensional ladder like polymers 3-1 to 3-3 were synthesized 
from Zn(II) salt solutions and bpe solution by slow evaporation of the 
resulting solution. Later these coordination polymers where analyzed, 
characterized and studied for photoreactivity. These results narrate yet another 
example for the synthesis of kinetic and thermodynamic polymorphs and their 




3.2.1 Synthesis of [Zn2(μ-O2C-p-Tol)2(O2C-p-Tol)2(bpe)2] (3-1) and (3-2) 
An aqueous solution of zinc nitrate was mixed with an acetone solution 
of para-toluic acid (p-Tol), 1,2-bis(4′-pyridyl)ethylene (bpe) and NaOH 
solution in the molar ratio of 1: 2: 1: 2 and the resultant solution was 
evaporated slowly to obtain rhombus crystals of 3-1 in a day. On the other 
hand, the same reaction with zinc acetate yielded a mixture of long thin plates 
of [Zn2(μ-O2C-p-Tol)2(O2C-p-Tol)2(bpe)2], 3-2, and long needles of [Zn2(μ-O2C-
p-Tol)4(bpe)], 3-3, in 12 h (Figure 3.1). They were separated by hand for 
further characterization. When the reaction solution was undisturbed, 3-
1 started forming in 2–3 days.  
 
b)  
Figure 3.1: a) Photographs of 3-1 to 3-3 during crystallization over the period 




Both 3-1 and 3-2 have the same molecular formula but crystallized in 
two different space groups. It is apparent that 3-1 is a thermodynamic product 
whereas 3-2 is a kinetic product. There are not many examples  on the 
existence of polymorphs in CPs and MOFs.6 The solid-state structures of 3-1 
to 3-3 are discussed below. 
3.2.2 Structural analysis of [Zn2(μ-O2C-p-Tol)2(O2C-p-Tol)2(bpe)2] (3-1)  
The ladder structure in 3-1 is made up of two [Zn(bpe)] linear chains 
aligned in parallel and each Zn(II) pair across the chains is bridged by two p-
toluate ligands as rungs (Figure 3.2). Further, each Zn(II) atom is chelated by 
a p-toluate anion. The asymmetric unit contains a [Zn(O2C-p-Tol)2(bpe)] unit. 
In the triclinic space group Pī, the two Zn(II) centers across the chains are 
related by an inversion centre. The unique Zn(II) atom in the asymmetric unit 
occupies a distorted octahedral coordination environment, where the four 
equatorial positions are occupied by the oxygen atoms of the three p-toluate 
ligands and the axial positions are satisfied by the nitrogen atoms N1 and N2 
of bpe forming linear chains. Due to the dinuclear unit in which the Zn atoms 
are separated by 4.01 Å, the two Zn(bpe) chains are oriented in parallel. This 
imposes face-to-face arrangement of the bpe pairs in the ladder chain and the 
C=C bond pairs are also oriented in parallel (Figure 3.2b). Moreover, the two 
pyridyl groups in the bpe ligand are almost coplanar (interplanar angle, 2.2°). 
The distances between the centroids of the pyridyl groups and C=C bonds are 
3.73 Å and 3.73 Å respectively. All the ladder chains in the crystal propagate 







Figure 3.2: A perspective view showing a) the coordination environment 
around Zn(II) ion in 3-1, b) a portion of the ladder structure and c) the relative 
orientation of the ladder chains in 3-1. The hydrogen atoms are omitted for 
clarity. Symmetry Codes: A = 1-x, 1-y, 1-z; B = 2-x, -y, 1-z; C = -1+x, 1+y, z. 
 
3.2.3 Structural analysis of [Zn2(μ-O2C-p-Tol)2(O2C-p-Tol)2(bpe)2] (3-2)  
Although [Zn2(μ-O2C-p-Tol)2(O2C-p-Tol)2(bpe)2], 3-2, is crystallized in 




CP is formed by pairing of two [Zn(bpe)] linear chains bridged and chelated 
by the p-toluate ligands. Besides, the two Zn(II) atoms are related by a c-glide 




Figure 3.3: A perspective view showing a) the coordination environment 
around Zn(II), b) a portion of the ladder structure and c) the relative 
orientations of the ladders in 3-2. The hydrogen atoms are omitted for clarity. 





Despite the two pyridyl rings in the bpe being twisted relative to each 
other with an interplanar angle of 26.2°, the adjacent rings in the ladder are 
oriented in parallel with the distance between the centroids, 3.68 and 3.86 Å. 
Maybe as a consequence, the C=C bonds are arranged in a criss-cross 
(antiparallel) manner (Figure 3.3) and interestingly there is no disorder 
observed in the crystal structure. The distance between the centers of these 
C=C bond pairs is 3.73 Å. Compounds with antiparallel orientations of the 
C=C bonds have been observed before in pure form.4c,5i,7 Here we were able to 
isolate two different polymorphs crystallized in parallel and criss-cross 
orientations of C=C bond pairs by varying the crystallization conditions. 
Both 3-1 and 3-2 may qualify to be supramolecular isomers as they have the 
same connectivity.5a,8 They may better be described as conformational 
polymorphs due to the conformational differences of the C=C pairs. 
3.2.4 Structural analysis of [Zn2(μ-O2C-p-Tol)4(bpe)], (3-3)  
Compound [Zn2(μ-O2C-p-Tol)4(bpe)], 3-3, crystallized in the triclinic 
space group Pī has a linear one-dimensional polymeric structure comprising a 
paddle-wheel node. The paddle-wheel has a crystallographic inversion center. 
The bpe spacer ligands connect these nodes along the b-direction to form the 
polymeric chain. Again there is a crystallographic inversion center in the 
middle of the C=C bond in the bpe ligand. The interchains interact through 
π∙∙∙π contacts between the pyridyl and p-toluate rings. As the crystal structure 






Figure 3.4: A perspective view showing a) the coordination environment 
around Zn(II) and b) the packing of the linear chains in 3-3. The hydrogen 
atoms are omitted for clarity. Symmetry codes: A = 1-x, 1-y, 1-z. 
 
3.2.5 Photoreactivity and structural transformation 
It is clear from the crystal structures that both 3-1 and 3-2 obey the 
distance criteria and underwent 100% photodimerisation under UV light as 
monitored by the complete disappearance of the olefin protons at δ = 7.54 
ppm, formation of cyclobutane protons δ = 4.67 ppm and shifting of the two 
doublets of the pyridyl peaks at δ = 8.65 and 7.61 ppm to δ = 8.34 and 7.27 






Figure 3.5: 1H-NMR spectra of single crystals of 3-1, and the irradiated 
product 3-4 after dissolved in DMSO-d6. 
 
 
Figure 3.6: 1H-NMR spectra of single crystals of 3-2, and the photo product 





The solid-state structure of the final product of the photoreaction of 3-
1 was confirmed by X-ray crystallography as the single crystals of the 
photoproduct 3-4 were intact at the end of the reaction (Figure 3.7). This was 
not the case for the photoproduct of 3-2, the single crystals turned opaque and 
were not diffracting (Figure 3.18). 
a)  
b)  
Figure 3.7: A view showing a) the coordination environment around the 
Zn(II) and b) a portion of the ladder chain in 3-4. The hydrogen atoms are 





The dimerised product [Zn2(μ-O2C-p-Tol)2(O2C-p-Tol)2(rctt-tpcb)], 3-
4 was also found to crystallize in the same space group Pī as 3-1 with slightly 
different cell parameters due to new bond formation. The p-toluate groups still 
bridge the Zn(II) dimer but the Zn∙∙∙Zn separation elongated from 4.005 in 3-
1 to 4.253 Å (Figure 3.7). The distortions in the octahedral geometry at Zn(II) 
can be understood by the perturbations caused by the formation of the rctt-
tpcb ligand. These 1D ladders further interact with each other in the 
crystal via π∙∙∙π contacts (distance, 3.32 Å) between the  p-toluate rings in the 
lattice and the rctt-tpcb ligand was found to lie about an inversion centre. 
3.2.6 Solid-state transformation of 3-1 to 3-2 by aging/grinding 
The powder X-ray diffraction (PXRD) pattern of the ground powder 
of 3-2 could not be matched with the simulated patterns from the single 
crystals.  
 
Figure 3.8: PXRD patterns of 3-1, 3-2 and 3-4 crystals and the phase change 




A careful analysis indicated the presence of peaks due to the polymorph 3-1. 
Further PXRD patterns of the aged powder of 3-2 revealed more intense peaks 
due to 3-1 indicating that 3-2 is slowly transforming to the thermodynamically 
stable 3-1 in the solid-state (Figure 3.8). 
However, complete conversion to 3-1 could not be observed from the 
PXRD patterns. Further work is hampered by the difficulty in separating 
pure 3-2 from the mixture. In any case, pedal motion of the criss-cross double 
bonds to parallel alignment could account for this transformation. Such pedal 
motions in crystals have been reported in the literature due to light, heat or 
guest exchange.3k,4a,5b,9 In solution the transformation of 3-2 to 3-1 was found 
to occur even in the dark but in the solid-state the transformation to 3-1 was 
too slow in the dark. It appears that the kinetic form 3-2 is converted to a 
thermodynamically stable CP 3-1 with time in solution but partially in the 
solid-state. However differential scanning calorimetry (DSC) of 3-2 did not 
show any peaks probably due to the fact that this does not require much 
energy for the flipping of one of the C=C bonds (Figure 3.15). 
3.3 Conclusion 
In conclusion, we have isolated two conformational polymorphs of the 
photoreactive ladder CPs which show different relative orientations of the pair 
of C=C bonds in the bpe ligands as well as in the retention of single 
crystallinity at the end of photoreaction under UV light. Compound 3-2 is a 
kinetic product which slowly transformed into a more stable 3-1 with parallel 




a similar retention of single crystallinity during the [2+2] cycloaddition 
reactions of a thermodynamic product. This appears to be the second example 
highlighting the ability of the thermodynamic product 3-1 in retaining the 
single crystalline nature after the cycloaddition reaction.10 
3.4 Experimental Section 
3.4.1 Syntheses and Characterization 
Materials and General Methods. General methods and instrumentation 
details can be found in Appendix-1. The physicochemical properties of 
compounds are given in Appendix-3.  
Synthesis of [Zn2(µ-O2C-p-Tol)2(O2C-p-Tol)2(µ-bpe)2] (3-1). An aqueous 
solution (10.0 ml) of Zn(NO3)2·6H2O (29.8 mg, 0.1 mmol) was mixed with 
para-toluic acid (27.2 mg, 0.2 mmol) and bpe (18.2 mg, 0.1 mmol) in 10 ml of 
acetone and then with NaOH (0.4 ml). Slow evaporation of the clear solution 
resulted in colorless rhombus blocks in 2 days. Yield = 90%. 1H-NMR δH (300 
MHz, DMSO-d6, ppm), 8.60 (4H, d, J = 6.1 Hz pyridyl protons), 7.83 (4H, d, 
J = 8.2 Hz phenyl protons), 7.62 (4H, d, J = 6.2 Hz pyridyl protons), 7.55 (2H, 
s, -CH=CH-), 7.21 (4H, d, J = 8.2 Hz phenyl protons), 2.34 (6H, s, methyl-H). 
Elemental analysis, (%) Found: C, 64.92; H, 4.88; N, 5.35 Calcd for 
ZnC28N2H24O4: C, 64.93; H, 4.67; N, 5.41. TGA shows the stability of the 
polymer until 190 °C without any weight loss.  
Synthesis of [Zn2(µ-O2C-p-Tol)2(O2C-p-Tol)2(µ-bpe)2] (3-2) and [Zn2(O2C-
p-Tol)4(µ-bpe)] (3-3). An aqueous solution (5.0 ml) of Zn(CH3COO)2·6H2O 




mmol) and bpe (18.2 mg, 0.1 mmol) along with NaOH (8 drops) in 5.0 ml of 
acetone. Slow evaporation of the clear solution resulted in colourless 
monoclinic thin crystals of 3-2 (Yield = 20%) in a day and the colourless 
needle crystals of 3-3 (Yield = 40%) overnight. The mixture of crystals was 
separated by handpicking for further characterization. 
 Characterization of [Zn2 (µ-O2C-p-Tol)2(O2C-p-Tol)2(µ-bpe)2] (3-2). 1H-
NMR δH (300 MHz, DMSO-d6, ppm), 8.60 (4H, d, J = 6.1 Hz pyridyl 
protons), 7.83 (4H, d, J = 8.2 Hz phenyl protons), 7.61 (4H, d, J = 6.2 Hz 
pyridyl protons), 7.54 (2H, s, -CH=CH-), 7.21 (4H, d, J = 8.2 Hz phenyl 
protons), 2.34 (6H, s, methyl-H). Elemental analysis, (%) Found: C, 63.67; H, 
4.31; N, 5.20 Calcd for ZnC28N2H24O4: C, 64.93; H, 4.67; N, 5.41. TGA 
shows the stability of the polymer until 200 °C without any weight loss.  
Characterization of [Zn2(O2C-p-Tol)4(µ-bpe)] (3-3). 1H-NMR δH (300 
MHz, DMSO-d6, ppm), 8.60 (4H, d, J = 6.1 Hz pyridyl protons), 7.83 (8H, d, 
J = 8.2 Hz phenyl protons), 7.61 (4H, d, J = 6.2 Hz pyridyl protons), 7.54 (2H, 
s, -CH=CH-), 7.21 (8H, d, J = 8.2 Hz phenyl protons), 2.34 (12H, s, methyl-
H). Elemental analysis, (%) Found: C, 61.61; H, 3.88; N, 3.16 Calcd for 
Zn2C44N2H38O8: C, 61.91; H, 4.49; N, 3.28. TGA shows no weight loss until 
180 °C.  
Synthesis of [Zn2(µ-O2C-p-Tol)2(O2C-p-Tol)2(rctt-tpcb)] (3-4). Compound 
3-4 was obtained as single crystals when the single crystals of 3-1 were 
subjected to UV irradiation for 2 h using Luzchem photoreactor (wavelength = 
350 nm). 1H-NMR δH (300 MHz, DMSO-d6, ppm), 8.34 (8H, d, J = 4.6 Hz 




phenyl protons and pyridyl protons), 4.67 (4H, s, cyclobutane protons), 2.34 
(12H, s, methyl-H). Elemental analysis, (%) Found: C, 63.67; H, 4.31; N, 5.20 
Calcd for ZnC28N2H24O4: C, 64.93; H, 4.67; N, 5.41. TGA shows no weight 
loss until 170 °C.  
Synthesis of [Zn2(µ-O2C-p-Tol)2(O2C-p-Tol)2 (rctt-tpcb)] (3-5). Compound 
3-5 was obtained by UV irradiation of 3-2 for 1.5 h using Luzchem 
photoreactor (wavelength = 350nm). The single crystals were not retained 
under these conditions. 1H-NMR δH (300 MHz, DMSO-d6, ppm), 8.34 (d, 8H, 
J = 4.6 Hz, pyridyl protons), 7.83 (d, 8H, J = 8.0 Hz phenyl protons), 7.24 – 
7.20 (m, 16H, phenyl protons and pyridyl protons), 4.66 (s, 4H, cyclobutane 
protons), 2.34 (s, 12H, methyl-H). Elemental analysis, (%) Found: C, 63.67; 
H, 4.31; N, 5.20 Calcd for ZnC28N2H24O4: C, 64.93; H, 4.67; N, 5.41. TGA 
shows no weight loss until 170 °C. 
3.4.2 X-ray Crystallography 
Intensity data for 3-1 to 3-4 were collected at 100(2) K on a Bruker APEX 
diffractometer attached with a CCD detector and graphite-monochromated 
MoKα (λ = 0.71073 Å) radiation using a sealed tube (2.4 kW). An empirical 
absorption correction was applied to the data using the SADABS program.11 
All the structures were solved by using direct methods and refined on F2 by 
full- matrix least squares procedures with SHELXTL.12 Crystal data as well as 
details of data collection and refinement are summarized in Table 3.1.  
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  Table 3. 1: Crystallographic data of compounds 3-1 to 3-4. 
 
Compound 3-1 3-2 3-3 3-4 
CCDC deposition No. 957292 957293 957294 957295 
Empirical Formula C28H24N2O4Zn C28H24N2O4Zn C44 H38 N2 O8 Zn2 C56H48N4O8Zn2 
Formula Weight 517.86 517.86 853.50 517.86 
Temperature (K) 100(2) 100(2) 100(2) 100(2) 
Wavelength λ, (Ǻ) 0.71073 0.71073 0.71073 0.71073 
Crystal System Triclinic Monoclinic Triclinic Triclinic 
Space Group Pī C2/c Pī Pī 
a(Ǻ) 10.2881(15) 15.6758(14) 8.2441(10) 10.208(7) 
b(Ǻ) 11.0671(16) 13.6884(12) 11.3889(13) 10.368(7) 
c(Ǻ) 11.2031(16) 22.957(2) 11.8203(15) 11.703(8) 
α, (deg) 88.609(3) 90.00 67.142(5)° 87.864(12) 
β, (deg) 70.855(3) 102.617(2) 72.808(5)° 74.045(12) 




V, (Ǻ3) 1183.3(3) 4807.1(7) 969.8(2) Å
3 1178.8(13) 
Z 2 8 1 2 
Dcalcd, Mg cm-3 
1.453 1.431 1.461 1.459 
Absorption Coefficient  
μ,mm-1 
1.076 1.059 1.294 1.080 
Theta range for data collection(°) 1.87 to 27.49°. 1.82 to 27.50°. 1.955 to 27.499°. 1.81 to 27.50°. 
Reflections Collected 15217 16581 39075 13686 
Independent reflections 5435 [R(int) = 0.0596] 5518 [R(int) = 0.0632] 4458 [R(int) = 0.0636] 5400 [R(int) = 0.0587] 
Completeness to theta = 27.50° 99.8 % 99.7 % 99.9 % 99.7 % 
Data[I> 2σ(I)]/ restraints/ parameters 5435 / 0 / 318 5519 / 0 / 318 4458 / 0 / 255 5400 / 0 / 318 
GOF on F2 1.045 1.071 1.011 1.003 
Final R indies[I> 2σ(I)]a,b 
R1 = 0.0522, wR2 = 0.1220 
R1 = 0.0506, wR2 = 
0.1200 
R1 = 0.0296, wR2 = 
0.0596 
R1 = 0.0498, wR2 = 0.1166 
Final R indies (all data) a,b R1 = 0.0672, wR2 = 0.1278 
R1 = 0.0680, wR2 = 
0.1348 
R1 = 0.0406, wR2 = 
0.0626 
R1 = 0.0775, wR2 = 0.1267 
Largest diff. peak and hole 0.879 and -0.697 e.Å
-3 
0.668 and -0.535 e.Å-3 
 
0.410 and -0.354 e.Å-3 
 
1.268 and -0.863 e.Å-3 
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Thermal Cleavage of Cyclobutane Rings  

































Solid-state structural transformations have been the subject of intense 
research over the last few years, especially in CPs.1 This interest could be 
attributed to the formation of products that cannot be easily obtained by 
traditional synthetic routes;2 of these, solid-state photochemical [2+2] 
cycloaddition reactions have been found to be very useful in the synthesis of 
stereoselective cyclobutane rings.2b, 3 In the past, solid-state photodimerisation 
reactions have been extensively studied using organic molecules,4 hydrogen-
bonded co-crystals,5 molecular salts,6 self-assembled host–guest 
compounds,7 metallamacrocycles,8, 9 and discrete3e coordination complexes 
and low-dimensional CPs.10 Higher-dimensional CP systems were thought to 
be unsuitable for such purposes owing to the restricted movements of the 
ligands and the rigidity of the polymers, but this was found not to be 
so.1i, 11 Furthermore, 1,2-bis(4′-pyridyl)ethylene (bpe), has been used almost 
exclusively to design photoreactive CPs,2a whilst other asymmetric ligands 
that contain carboxylate group have been relatively unexplored.12 
Interestingly, such asymmetric ligands can be aligned both in HH and HT 
fashions, and thus provide us with the opportunity of obtaining two different 
cyclobutane isomers that can be used as potential ligands for making new 
multi-dimensional CPs. 
As introduced in Chapter 2, photoreactive CPs that contain transition-
metal ions are scarce compared to the commonly explored d10 metal ions, such 
as Zn(II), Cd(II), and Ag(I) ions. Photoreactivity has been observed in a few 
compounds that contained transition-metal ions, such as Cu(II) and 
Mn(II) ions.10c, 10e, 11d Another interesting aspect of this research area is their 
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photoreversibility. Although cleavage of the cyclobutane derivatives into 
olefins by thermal and photochemical means has been reported,13 there were 
no reports of such cleavage in CPs. Recently our group reported two 3D CPs 
and another coordination complex to undergo reversible photoreactivity.14 
Herein, we chose trans-2-(4′-pyridyl) vinylbenzoic acid (Hpvba) as an 
asymmetric ligand that contained pyridyl and carboxylate functionalities 
(Figure 4.1).15 The purpose of employing this ligand to make CPs with Cd(II), 
Co(II), and Ni(II)  metal ions was three-fold: (1) to align a pair of pvba ligands 
such that the polymer was photoreactive; (2) to explore the stereospecific 
[2+2] cycloaddition reaction to synthesize cyclobutane derivatives; and (3) to 
investigate the reverse-cycloaddition reaction in the photodimerized products. 
 
Figure 4.1: Ligands Hpvba and H2tbdc. 
 
Although reversible magnetic phase-transformations can be used for designing 
magnetic sensors, such studies are very scarce in CPs, which can exhibit more 
interesting properties.16 In many cases, it is easy to identify the phases for 
Co(II) compounds from the wide range of colors they exhibit, which makes 
Co(II) based CPs attractive to magnetochemists.16b, 16d, 17 The shorter distances 
that were provided by bridging carboxylate groups were expected to enhance 
the magnetic conversation between the paramagnetic metal centers to induce 
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ferromagnetic or antiferromagnetic coupling depending upon the environment 
around the metal ion.18 
In this chapter, we describe the synthesis, structural characteristics, and 
photoreactivity of three 2D CPs, [Cd2(pvba)2(tbdc)(DMF)2] (4-1), 
[Co2(pvba)2(tbdc)(DMF)2(H2O)2] (4-2), and [Ni2(pvba)2(tbdc)(DMF)2(H2O)2] 
(4-3), which contained pvba and 2,3,5,6-tetrabromobenzenedicarboxylate 
(tbdc) as an auxiliary ligand. Interestingly, the Co(II) (in 4-2) and 
Ni(II) centers (in 4-3) were found to reversibly uptake the aqua ligand, which 
could be monitored by visible color changes from pink to purple and green to 
yellow, respectively. Compound 4-2 showed antiferromagnetic order with a 
field-dependent transition and spin-flop behavior after dehydration. 
Furthermore, in these structures, the C=C bonds in the pvba ligand pairs were 
aligned in a parallel HT fashion and underwent [2+2] cycloaddition reactions 
in the solid-state under UV light, thereby yielding their respective cyclobutane 
derivatives. This photochemical reaction appeared to facilitate 2D to 2D′ 
structural transformation. Moreover, the cyclobutane rings in all of these 
dimerised CPs could be cleaved in two different ways upon heating. 
Quantitative ring-opening of cyclobutane was observed for the dimerised 
Cd(II) coordination polymer, as monitored by 1H-NMR spectroscopy. 
4.2 Results and Discussion 
Three 2D CPs, [Cd2(pvba)2(tbdc)(DMF)2] (4-1), 
[Co2(pvba)2(tbdc)(DMF)2(H2O)2] (4-2), and [Ni2(pvba)2(tbdc)(DMF)2(H2O)2] 
(4-3), were synthesized from their corresponding metal salts, pvba, and tbdc 
(molar ratio 1:0.5:0.5) under hydrothermal conditions at 90 °C for 36 h, 
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followed by cooling slowly to room temperature. Only compounds 4-1 and 4-
2 furnished single crystals that were suitable for X-ray crystallography. In the 
absence of suitable single crystals, the structure of compound 4-3 was found to 
be isostructural to compound 4-2 by matching its powder XRD patterns. All of 
these compounds were further characterized by elemental analysis, TGA, 1H-
NMR spectroscopy, and PXRD patterns. The solid-state structures of 
compounds 4-1 and 4-2 are described below along with their photochemical 
behavior. 
4.2.1 Structural analysis of [Cd2(pvba)2(tbdc)(DMF)2] (4-1) 
Two crystallographically distinct Cd(II) centers in the asymmetric unit 
of 4-1; both of them (Cd1 and Cd2) had the same coordination number 
(seven), but slightly different bond lengths and angles. The coordination 
sphere around Cd1 was comprised of one N atom from a pvba ligand, two O 
atoms from chelation of another pvba ligand, one bridging O atom from the 
third pvba ligand, two O atoms from a tbdc ligand, and one O atom from a 
DMF molecule. The two chelating tbdc ligands asymmetrically bridged Cd1 
and Cd2 in a μ1,3 fashion (Figure 4.2). The geometry of Cd(II) could be 
described as a distorted capped octahedron. The Cd2–O1 distance, 2.96(4) Å, 
was less than the sum of their Van der Waals radii (3.1 Å), and hence it was 
included in the structural description. A pseudo non-crystallographic center of 
inversion was found in the Cd2O2 plane. The tbdc ligand was connecting the 
Cd(II) dimers approximately along the a-axis whilst the pvba ligand pair 
propagated along the c-axis to provide a 2D coordination-polymeric structure. 
The dimension of the (4,4) Shubnikov tetragonal net19 was 15.66 Å×14.07 Å. 
The empty spaces in the grids were interdigitated by the coordinated DMF 
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molecules. Hence, the packing of the 2D sheets orthogonal to the b-axis 
furnished ABAB-type stacking, thus leaving only 16.7 % of the solvent-
accessible void volume, as determined by PLATON.20 
a)  
b)  




Figure 4.2: a) Coordination environments around the Cd(II) centers in 4-1, b) 
a section of the (4,4) grid that shows the disposition of the ligands and c) the 
(4,4) grid. 
 
4.2.2 Photoreactivity of compound 4-1 
All of the carbon atoms in the pvba ligands were disordered to afford 
two independent orientations with occupancies of 0.611(5) and 0.389(5). 
Furthermore, the pvba ligands were stacked parallel in a head-to-tail fashion, 
thus keeping a center-to-center distance of 3.82 Å between the C=C bonds of 
two pvba ligands, which was in accordance with Schmidt′s distance criteria for 
[2+2] cycloaddition reactions.4a, b Indeed, 4-1 underwent quantitative 
photodimerisation under UV light in 15 min to yield 4-4, which presumably 
had a similar connectivity but with rctt-1,3-bis(4′-carboxyphenyl)-2,4-bis(4′′-
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pyridyl) cyclobutane (bcbpcb) instead of a pvba pair. The disappearance of the 
olefinic protons at δ = 7.98 (d, 1 H) and 7.61 ppm (d, 1 H) and the appearance 
of cyclobutane protons at δ = 5.07 ppm (dd, 4 H) in the 1H-NMR spectrum of 
4-4 that was dissolved in DMSO-d6 with a drop of HNO3 (Figure 4.3) 
confirmed the formation of the cyclobutane derivative. This dimerisation was 
apparently an intralayer process, that is, the two pvba molecules that 
underwent photodimerisation were from a single 2D sheet; such a process is 
known as a 2D to 2D′ structural transformation. A similar intralayer [2+2] 
cycloaddition reaction was recently observed by Miao and Zhu.21c The closest 
distance between two C=C bonds from neighboring sheets of 9.72 Å left no 
scope for interlayer photodimerisation (i.e., 2D to 3D transformation). The 
observed process was not a single-crystal-to-single-crystal (SCSC) process as 
the single crystals fragmented into small pieces within a minute of UV 
irradiation, although the product was still crystalline. 
a)  




Figure 4.3: a) 1H-NMR spectra of 4-1 dissolved in a drop of HNO3 and 
DMSO-d6 and b) 4-4 dissolved in a drop of HNO3 and DMSO-d6. Only 
chemical shifts in the region δ = 3–9.5 ppm are shown for clarity. 
 
4.2.3 Structural analysis of [Co2(pvba)2(tbdc)(H2O)2(DMF)2] (4-2)  
The structure of [Co2(pvba)2(tbdc)(H2O)2(DMF)2] was quite similar to 
that of compound 4-1 but it only had one unique Co(II) ion in its asymmetric 
unit, with a distorted octahedral coordination geometry. The coordination 
sphere of Co1 was comprised of a N atom from a pvba ligand, an O atom from 
a molecule of DMF, an O atom from an aqua ligand, an O atom from a 
monodentate tbdc ligand, and two O atoms from two pvba ligands (Figure 
4.4a). Two tbdc ligands further bridged the Co(II) centers to afford an eight-
membered ring, through which a crystallographic center of inversion passed. 
The hydrogen atoms on the aqua ligands were involved in OH⋅⋅⋅O hydrogen-
bonding interactions with the neighboring pvba and tbdc ligands and provided 
stability to the structure. A pair of pvba ligands connected the Co(II) dimers 
along the [011] direction and the tbdc ligands joined the same atoms along the 
[011] direction to provide a coordination-polymeric sheet in the bc-plane 
(Figure 4.4b). Shubnikov tetragonal topology is also observed in this 
 Chapter 4 
95 
 
structure.19, 22 The (4,4) grids had dimensions of 15.67 Å×11.39 Å and were 
slip-stacked in an ABAB fashion. As a result, the solvent-accessible-void 
volume was found to be 18.4 % by PLATON.20 Furthermore, the pvba ligand 
pairs were stacked parallel in a HT fashion with a C=C distance of 4.02 Å 








Figure 4.4: a) Coordination environments around the Co(II) centers in 4-2, b) 
a section of the (4,4) grid that shows the alignment of the pvba ligands and c) 
the (4,4) grid. Symmetry Codes: A = -x, 1-y, 1-z; B = -x, 2-y, -z; C = x, -1+y, 
1+z. 
 
4.2.4 Photoreactivity of compound 4-2  
Many transition-metal complexes and CPs with pairs of perfectly 
aligned C=C bonds that satisfied Schmidt′s criteria have been found to be 
photoinactive17a and this inactivity was attributed to the redox properties of the 
transition-metal ions. On the other hand, several examples that contained 
transition-metal ions were reported to be photoactive. In compound 4-2, the 
head-to-tail parallel alignment of the pvba ligands within the allowed distance 
range for [2+2] cycloaddition reactions4b prompted us to investigate its 
photoreactivity under UV light. To our surprise, compound 4-2 was 
photoreactive and, in fact, pink compound 4-2 underwent quantitative 
photodimerisation upon irradiation under UV light for 4 h to give a purple 
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product (4-5). However, the single crystallinity was not maintained during the 
photoconversion. Hence, a drop of nitric acid was added to compound 4-5 to 
dissociate the Co(II) ions from the organic species and to dissolve them in 
DMSO-d6 for 1H-NMR spectroscopic characterization. The change in 
chemical shifts between compounds 4-2 and 4-5 was very similar to that 
observed for the conversion of compound 4-1 to compound 4-4 and confirmed 
the formation of the cyclobutane derivative bcbpcb (Figure 4.16). The color 
change from pink to purple during the photodimerisation reaction may have 
been due to a change in the coordination environment at the Co(II) center. The 
initial weight loss in the TGA of compound 4-5, owing to water loss over the 
temperature range 25–100 °C, indicated that the coordinated water molecule 
in 4-2 had detached and now occupied the lattice after the photoreaction. 
Hence, the coordination number at Co(II) was likely to have changed from six 
to five. The force exerted from this rearrangement prevented the process from 
occurring in a SCSC manner. This photodimerisation was again expected to be 
an intralayer (2D to 2D′) process, similar to the Cd(II) system. 
4.2.5 Reversible dehydration and rehydration reaction 
The removal of guest/solvent molecules often changes the coordination 
geometry of the metal center and thus can control various physical and 
chemical properties. One such property is the color of the coordination 
polymer, which changes owing to the absorption or removal of solvent 
molecules from the bulk, which is known as a solvochromic 
property.17b, 17c, 23 Herein, TGA of 4-2 showed that the coordinated aqua 
ligands escaped at 100–200 °C, whilst the coordinated DMF molecules were 
only lost from 220 °C, well above its boiling point (153 °C). The water loss 
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was accompanied by a color change from pink to purple (Figure 4.6). When 
this dehydrated sample (4-2a) was left in humid air, the color changed back to 
pink. It appeared that the hydration–dehydration process was reversible from 
the color change and the TGA data. This observation led us to study the 
variable-temperature PXRD patterns to investigate the associated structural 
transformations, if any, from room temperature to 90 °C at a pressure of 
2.1×10−2 Torr. A new peak, which was due to dehydrated phase 4-2a, began to 
appear at 45 °C together with 4-2 and the process was completed at 70 °C 
(Figures 4.5).  
 
Figure 4.5: The Variable temperature PXRD patterns of 4-2 from RT in 
vacuum to 75 °C in vacuum (dehydration) and then cooled down to RT in air 
(rehydration). The oval highlight shows the appearance of new peak, the 
intensity of which increases as the temperature increases.  
 
This dehydrated phase (4-2a) was stable when cooled to room temperature 
under vacuum. However, this phase could be readily rehydrated by exposing it 
to atmospheric air (the average humidity level in Singapore is about 84%) and 
the process was reversible. The color change that was due to dehydration was 
attributed to a change in the coordination environment around the 
 Chapter 4 
99 
 
Co(II) center from octahedral to square pyramidal; this change was also 
accompanied by a change in the XRPD patterns. Similar results have been 
observed before on different Co(II) systems, owing to change in the 
coordination geometry that accompanied dehydration.17b, 17c 
 
Figure 4.6: The color changes photographed during the dehydration, 
rehydration processes on 4-2. 
 
4.2.6 Magnetic properties  
Dimeric Co(II) units are expected to show either ferromagnetic or 
antiferromagnetic interactions depending on the distance between the metal 
centers and the coordination environment.16d, 17c, 17e The presence of 
symmetrically related Co(II) centers at a distance of 4.44 Å in the dimeric unit 
led to antiparallel coupling of spins that exhibited antiferromagnetic properties 
(Figure 4.7a). The temperature-dependent susceptibility (χm) for 4-2 at an 
external field of 1 kOe showed a peak at about 7.5 K (Tmax), which indicated 
typical antiferromagnetic order (Figure 4.7b). The peak temperature of the 
dχmT/dT curve was 4.5 K (TN) and the TN/Tmax ratio was 0.6, which suggested 
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low-dimensional ordering. The Curie constant (C) per Co2 unit, which was 
derived from χmT above 100 K, was 7.01 cm3 mol−1 K, which was much higher 
than the spin-only value (3.75 cm3 mol−1 K) owing to the spin-orbit interaction 
of Co(II) in the octahedral coordination environment. The χmT value decreased 
slowly to 6.50 cm3 mol−1 K at 150 K, and then more rapidly to 0.18 
cm3 mol−1 K at 2 K. The Weiss constant (θ) was −22.62 K, thus suggesting 
antiferromagnetic interactions. The field-dependence of magnetization at 2 K 
was S-like, which was like a metamagnet, and gave a slow, linear increase 
below 20 kOe, and then increased more rapidly from 30 kOe to 50 kOe 
(Figure 4.7c). The magnetization at 50 kOe was 3.8 Nβ, which was almost 
saturation. The transition field was about 40 kOe, as confirmed by the plots of 
dM/dH and χac versus H (Figure 4.7c, inset). 
a)  
b)  




Figure 4.7: a) Two Co(II) octahedra that are bridged by two carboxylate 
groups with a Co-Co distance of 4.44 Å, b) plot of χm versus T for 4-2 (Inset: 
plots of χm T versus T (○) and χm _1 versus T (■) for 4-2) and c) magnetization 
versus field plot for 4-2; inset: plots of χac versus field (top left) and dM/dH 
versus H (bottom right). 
 
For the dehydrated sample, the plot of χmT versus T had a similar shape to that 
of 4-2, with C=6.89 cm3 mol−1 K. The smaller C value might have been due to 
the change in coordination number of Co(II) from six to five. The plot 
of χm versus T showed a wider peak at 10 K and the magnetization afforded a 
slow increase in the field, with a value of 1.27 Nβ at 50 kOe, which was far 
from saturation (Figure 4.8a). This kind of spin-flop behavior was attributed to 
the enhancement of the antiferromagnetic interaction between the Co2 units, as 
deduced from a more-negative value of θ (−38.54 K). The magnetic coupling 
interaction strengthened after dehydration, possibly owing to the shortening of 
the Co-Co distance on changing the coordination number. Similar results were 
obtained in the case of guest-dependent magnetic phase-transitions in few 
other Co(II) coordination-polymeric systems.16d, 17c, 17e 





Figure 4.8: a) Plots of χm versus T and magnetization versus field (inset) for 
the dehydrated sample and b) plots of χm versus T and magnetization versus 
field (inset) for 4-5. 
 
The χmT value also decreased with temperature for 4-5, (6.00 cm3 mol−1 K at 
300 K, 2.92 cm3 mol−1 K at 2 K). There was no peak in the plot 
of χm versus T and no field-induced phase-transition in the plot 
of M versus H (Figure 4.8b). The C and θ values were 6.45 cm3 mol−1 K and 
−23.81 K, respectively, which was probably due to the much-weaker 
interactions between the Co2 units after the [2+2] cycloaddition reaction 
because the π electrons were no longer delocalized in the bcbpcb molecule and 
the magnetic coupling through the ligand should be very weak. The 
negative θ value implied that the interaction within the Co2 unit was 
antiferromagnetic. 
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4.2.7 Structure and photoreactivity of compound 4-3 
  Single crystals suitable for X-ray diffraction were not obtained for 4-3. 
However, its structure was found to be isotypical to 4-2 from their PXRD 
patterns (Figure 4.26). As expected, 4-3 was also photoreactive and underwent 
a quantitative [2+2] photodimerisation reaction when exposed to UV light for 
4 h. The product (4-6) was characterized by elemental analysis, TGA, and 1H-
NMR spectroscopy after treatment with HNO3 (similar to 4-4 and 4-5). 
The 1H-NMR spectrum of 4-6 was very similar to those of 4-4 and 4-5 (see 
Figure 4.19). 
Similar to 4-2, TGA of 4-3 also showed that the coordinated aqua ligands 
escaped between 100 – 210 °C, whilst the coordinated DMF molecules were 
lost above 230 °C, which was well above their boiling point (153 °C). The 
water loss was accompanied by a color change from green to yellow (Figure 
4.37). When this dehydrated sample (4-3 a) was left in humid air, the color 
changed back to green, thereby making the process reversible.17b, 23 Therefore, 
we concluded that 4-3 shows similar behavior in the dehydration–rehydration 
reaction as well as the photoreactivity. 
4.2.8 Thermal cleavage of the cyclobutane ring in 4-4 to 4-6  
The formation of cyclobutanes by [2+2] cycloaddition reactions is 
mostly light driven and, in certain cases, they are known to reverse back to 
their monomers by exposing them to light at different wavelengths.13b–
d, 24 Previous reports on the cleavage of such cycloaddition products, that is, 
olefinic monomers from cyclobutanes, were mainly associated with organic 
compounds.13, 24 There appeared to be no reports of such studies on CPs. 
Herein, we investigated the ring-cleavage of the cyclobutane derivatives to 
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their monomers by using thermal means. In a typical experiment, dimerised 
samples 4-4 to 4-6 were heated to 220 °C under vacuum for 12 h. The 
products were then dissolved in a drop of HNO3 and D6 -DMSO and analyzed 
by 1H-NMR spectroscopy. 
A complete scission of the cyclobutane ring was observed in the case 
of 4-4. The 1H-NMR spectrum of the sample after heat treatment is shown in 
Figure 4.9. The cyclobutane ring in the bcbpcb ligand could be cleaved in two 
ways (a and b, Scheme 4.1) to give cis- and trans-isomers of the pvba ligands. 
The additional peaks (Figure 4.9) were assigned to the cis ligand. The 
integration of the peaks that were due to these three different compounds 
suggested that 4-4 dissociated under these experimental conditions into 66.5 % 
of the trans-isomer and 33.5 % of the cis-isomer. Photoluminescence (PL) 
measurements on a heated sample of 4-4 also showed similar λmax values to 
that of the trans ligand in 4-1 and, in addition, one new peak was observed at 
370 nm, which was assigned to the cis compound (Figure 4.10). Under similar 
experimental conditions, compounds 4-5 and 4-6 also dissociated to about 
56 % and 67 % of the olefins, respectively (Figures 4.17 and 4.20). In addition 
to the dimerized bcbpcb ligand peaks and the pvba peaks, new peaks were 
found that were assigned to the cis isomer of pvba, but they were too small to 
be integrated accurately. 





Figure 4.9: a) 1H-NMR spectrum of a heated sample 4-4 in a drop of HNO3 
and DMSO-d6,only the region from δ =3.5–9.5 ppm is shown for clarity; and 
b) expansion of the region δ =7–9 ppm. 
 
Scheme 4.1: Possible dissociation pathways of the cyclobutane derivative, 
bcbpcb, on heating. 
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4.2.9 Photoluminescence studies 
During the irradiation of 4-1 under UV light, strong bluish-green 
fluorescence was observed, which prompted us to investigate their solid-state 
photoluminescence properties further. The solid-state emission of 4-1 was 
compared with that of free ligand Hpvba, the photoirradiated sample of 4-4, 
and the heated sample of 4-4 at an excitation wavelength of 310 nm. A strong 
emission at around 400 nm was observed for 4-1 with a blue shift of 36 nm 
relative to Hpvba, which also showed a strong emission at 430 nm. However, 
the emission from 4-4 was further blue-shifted to about 380 nm with reduced 
intensity relative to 4-1 (Figure 4.10). The J-type stacking/alignment, along 
with the planarity/rigidity of the linker molecule in the 2D sheets, presumably 
accounted for the enhanced emission and fluorescence. This emission was 
presumably a linker-based emission, which is commonly observed for 
CPs.25 The excimer emission with the intraligand fluorescence accounted for 
the broadness of the peak because the distances between the cofacial linker 
molecules were less than 5 Å.15d, 26 On the other hand, for compounds 4-
2 and 4-5, the paramagnetic Co(II) ion decreased the intensity, as 
expected,25a, 27 but the emission peaks were shifted to about 400 and 380 nm, 
respectively. The paramagnetic Ni(II) ion also suppressed the intensity in 
compounds 4-3 and 4-6. The emission peaks at around 390 nm for 
compounds 4-3 and 4-6 were blue-shifted by 40 nm relative to that of the free 
Hpvba ligand when excited at an excitation wavelength of 330 nm (Figure 
4.35 and 4.36). 




Figure 4.10: Photoluminescence emission spectra of 4-1, 4-4, 4-4 after 
heating and the ligand Hpvba, excited at 310nm. 
4.3 Conclusion 
Three 2D layered CPs of Cd(II), Co(II), and Ni(II) that contained 
asymmetric pyridyl carboxylate ligands (pvba) and dicarboxylate ligands 
(tbdc) were synthesized and characterized. All of these CPs were 
photoreactive and underwent quantitative [2+2] photodimerisation, as 
monitored by 1H-NMR spectroscopy, to presumably afford other 2D layered 
structures. These conversions appeared to be the second example of intralayer 
2D to 2D′ structural conversion by a [2+2] photodimerisation reaction. 
Furthermore, the Co(II) and Ni(II) CPs exhibited reversible water uptake, 
which were observed by the naked eye as color changes. Compound 4-2 acted 
as a metamagnet, compared to the spin-flop behavior and ordinary 
antiferromagnetic interactions for the dehydrated sample and 4-5, respectively. 
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These differences were related to the change in coordination number and the 
structure of the ligand. In all three 2D layered structures, the cyclobutane rings 
were cleaved in two different ways on heating to afford their corresponding 
ethylene derivatives (Scheme 4.2). This result is the first reported reverse-
cyclization reaction occurring in CPs. 
 
Scheme 4.2: Structural transformation of 2D CPs 4-1 to 4-3 under UV 
irradiation and cleavage by heat. 
4.4 Experimental Section 
4.4.1 X-ray crystallography 
Intensity data for compounds 4-1 and 4-2 were collected at 173(2) K on 
a Bruker APEX diffractometer that was attached with a CCD detector and 
graphite-monochromated Mo Kα (λ=0.71073 Å) radiation through a sealed 
tube (2.4 kW). An empirical absorption correction was applied to the data by 
using the SADABS29 program. Both structures were solved by using direct 
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methods and refined on F2 by full-matrix least-squares procedures with 
SHELXTL.30 One of the pvba ligands was disordered. Two disordered 
components were modeled and their occupancies were refined to be 0.611(5) 
and 0.3889(5). All of the non-hydrogen atoms were refined anisotropically. In 
compound 4-2, the positional and isotropic thermal parameters of the 
hydrogen atoms that were attached to the oxygen atoms of the water molecules 
were refined. 
Table 4. 1: Crystallographic data of compounds 4-1 and 4-2. 
Compound 4-1 4-2 
CCDC deposition No. 856465 856466 
Empirical Formula Cd2C42H34Br4N4O10 Co2C42H38Br4N4O12 
Formula Weight 1228.26 1299.17 
Temperature (K) 100(2) 100(2) 
Wavelength λ, (Ǻ) 0.71073 0.71073 
Crystal System Monoclinic Triclinic 
Space Group P2(1)/c Pī 
a(Ǻ) 14.0653(14) 10.0618(11) 
b(Ǻ) 9.7181(10) 10.9186(12) 
c(Ǻ) 31.268(3) 11.4504(12) 
α, (deg) 90 88.935(2) 
β, (deg) 94.925(3) 72.765(2) 
γ, (deg) 90 70.248(2) 
V, (Ǻ3) 4258.2(7) 1126.1(2) 
Z 4 1 
Dcalcd, Mg cm-3 
2.026 1.811 
Absorption Coefficient  
μ,mm-1 
4.816 4.351 




4.4.1.1 Hydrogen Bond Parameters 
Table 4. 2: Hydrogen bond Parameters in 4-2.  
_____________________________________________________________ 
D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 
_______________________________________________________________ 
 O(6)-H(6A)...O(4) 0.85(4) 1.81(4) 2.639(3) 166(3) 
 O(6)-H(6B)...O(2) 0.83(4) 1.88(4) 2.690(2) 164(4) 
 
  
F(000) 2520 608 
Crystal Size, mm3 
0.32 x 0.22 x 0.14 0.28 x 0.20 x 0.18 
Theta range for data 
collection(°) 







Reflections Collected 29686 14855 
Independent reflections 9764 [R(int) = 0.0468] 5144 [R(int) = 0.0343] 
Completeness to theta = 
27.50° 
99.8 % 99.6 % 
Data[I> 2σ(I)]/ restraints/ 
parameters 
9764/390 / 638 5144/ 0 / 299 
GOF on F2 1. 053 1. 021 
Final R indies[I> 
2σ(I)]a,b 
R1 = 0.0416, wR2 = 
0.0928 
R1 = 0.0305wR2 = 
0.0787 
Final R indies (all data) 
a,b 
R1 = 0.0579, wR2 = 
0.1025 
R1 = 0.0364, wR2 = 
0.0815 
Largest diff. peak and 
hole 
2.414 and -0.944 e.Å-3 0.960 and -0.451 e.Å-3 
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4.4.2 Syntheses and Characterization 
Materials and general methods. General methods and instrumentation 
details can be found in Appendix-1. The physicochemical properties of 
compounds are given in Appendix-4. Variable-temperature PXRD was 
recorded on a Bruker AXS D8 advance powder X-ray diffractometer with an 
Anton Paar Model HTK 1200 high-temperature chamber. The magnetic 
measurements were performed on a Quantum Design MPMS XL-5 SQUID 
magnetometer on polycrystalline samples. These data were corrected for the 
diamagnetism of the samples by Pascal constants and of the sample holder by 
measurements. 
Synthesis of [Cd2(C14H10O2N)2(C8H2Br4O2)(C3H7ON)2] (4-1):  Hpvba (11.6 mg, 
0.05 mmol) and H2tbdc (24.4 mg, 0.05 mmol) were dispersed in DMF (8 mL) 
and added to a solution of [Cd(ClO4)2]⋅6 H2O (31.1 mg, 0.1 mmol) in H2O (4 
mL). The mixture was heated in a scintillation vial at 90 °C for 36 h and then 
slowly cooled to RT at a rate of 5 °C min−1 to afford colorless block-shaped 
single crystals that were suitable for X-ray diffraction. Yield = 50 %. 1H-NMR 
δH (300 MHz, DMSO-d6, ppm), 8.77 (2 H, d, PyH), 8.02–7.81 (four doublets 
including one singlet of aldehyde-H of DMF, 7H of Py, Ph, and ethylenic 
protons), 7.56 ppm (1 H, d, CH=CH). Elemental analysis, (%) Found: C 38.80, 
H 2.72, N 5.71 Calcd for C42H34Br4Cd2N4O10: C 38.83, H 2.64, N 5.71. TGA 
showed a weight loss starting from 264 °C, which corresponded to the loss of 
two DMF molecules, followed by decomposition.  
CAUTION! Although we did not encounter any untoward incidents, 
perchlorate metal salts are potentially explosive and should be handled in 
small quantities. 
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Synthesis of [Co2(C14H10O2N)2(C8H2Br4O2)(C3H7ON)2(H2O)2] (4-2): 
Compound 4-2 was prepared according to the same procedure as compound 4-
1, except that [Co(NO3)2]⋅6 H2O (29.7 mg, 0.05 mmol) was added instead of 
[Cd(ClO4)2]⋅6 H2O to afford pink block-shaped single crystals that were 
suitable for X-ray diffraction. Yield = 55 %.1H-NMR δH (300 MHz, DMSO-
d6, ppm), 8.83 (2 H, d, PyH), 8.21 (2 H, d, PhH), 7.99 and 7.96 (2 H, d, Py-H, 
CH=CH, and DMF aldehydeH), 7.82 (2 H, d, PyH), 7.61 ppm (1H, d, 
CH=CH). Elemental analysis, (%) Found: C 41.17, H 3.15, N 4.50 Calcd for 
for Co2C42H38Br4N4O12: C 41.09, H 3.12, N 4.56.  TGA showed a weight loss in 
the region 100–200 °C, which corresponds to the loss of coordinated water 
molecules (calculated = 2.9 %; observed = 3.4 %), a second weight loss from 
225 °C, which corresponded to the loss of DMF molecules, followed by 
decomposition. 
Synthesis of [Ni2(C14H10O2N)2(C8H2Br4O2)(C3H7ON)2(H2O)2] (4-3): 
Compound 4-3 was prepared according to the same procedure as compound 4-
1 but [NiCl2]⋅6 H2O (23.5 mg, 0.05 mmol) was added instead of 
[Cd(ClO4)2]⋅6 H2O to afford green rhombus-shaped crystals. Yield = 55 %. 1H-
NMR δH (300 MHz, DMSO-d6, ppm), 8.88 (2 H, d, PyH), 8.25 (2 H, d, PhH), 
8.07–7.84 (2 H, d, PyH, CH=CH, and DMF aldehydeH), 7.65 ppm (1 H, d, 
CH=CH). Elemental analysis, (%) Found: C 41.32, H 3.09, N 4.80 Calcd for 
for Ni2C42H38Br4N4O12: C 41.09, H 3.12, N 4.56. TGA analysis showed a weight 
loss in the range 110–210 °C, which corresponded to the loss of coordinated 
water molecules (calcd: 2.9 %; found: 3.0 %), a second weight loss after 
225 °C, which corresponded to the loss of DMF molecules, followed by 
decomposition. 
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Conversion of compound 4-1 into compound 4-4:  Single crystals of 
compound 4-1 were irradiated under UV light for about 15 min to afford 
quantitative dimerisation that was accompanied by a color change from 
colorless to pale yellow. 1H-NMR δH (300 MHz, DMSO-d6, ppm), 8.74 (4 H, 
d, PyH), 7.95 (4 H, d, PhH), 7.76 (4 H, d, PyH), 7.40 (4 H, d, PhH), 5.08 ppm 
(4 H, dd, cyclobutane protons). Elemental analysis, (%) Found: C 36.84, H 
2.93, N 4.61 Calcd for Cd2C42H44Br4N4O15: C 36.31, H 3.18, N 4.03. TGA of the 
irradiated product showed a gradual weight loss over the range RT–100 °C, 
which corresponded to five lattice water molecules (calcd: 6.5 %; found: 
6.5 %), a second weight loss above 250 °C, which corresponded to the loss of 
two DMF molecules, followed by the decomposition. The composition of 
compound 4-4 was determined by elemental analysis to be 
[Cd2(bcbpcb)(tbdc)(DMF)2]⋅5H2O (where bcbpcb is the HT-dimer of pvba, rctt-
1,3-bis-(4′-carboxyphenyl)-2,4-bis(4′′-pyridyl)cyclobutane) 
Conversion of compound 4-2 into compound 4-5:  Single crystals of 
compound 4-2 were irradiated under UV light for about 4 h to afford 
quantitative dimerization that was accompanied by a color change from pink 
to violet. 1H-NMR δH (300 MHz, DMSO-d6, ppm), 8.73 (4 H, d, PyH), 7.94 
(4 H, d, PhH), 7.76 (4 H, d, PyH), 7.39 (4 H, d, PhH), 5.06 (4 H, dd, 
cyclobutane protons). Elemental analysis, (%) Found: C 39.30, H 3.24, N 4.46 
Calcd for Co2C42H42Br4N4O14: C 39.90, H 3.35, N 4.43. TGA showed a weight 
loss over the range RT–100 °C, which corresponded to the loss of lattice water 
molecules (calcd: 5.6 %; found: 5.1 %) and the gradual loss of two DMF 
molecules, starting from 225 °C, followed by decomposition. The composition 
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of compound 4-5 was determined by elemental analysis to be 
[Co2(bcbpcb)(tbdc)(DMF)2]⋅4 H2O. 
Conversion of compound 4-3 into compound 4-6: Crystals of compound 4-
3 were irradiated under UV light for about 4 h to observe quantitative 
dimerization that was accompanied by a color change from light green to 
yellow. 1H-NMR δH (300 MHz, DMSO-d6, ppm), 8.72 (4 H, d, PyH), 7.94 
(4 H, d, PhH), 7.75 (4 H, d, PyH), 7.40 (4 H, d, PhH), 5.07 (4 H, dd, 
cyclobutane protons). Elemental analysis, (%) Found: C 39.23, H 3.50, N 4.72 
Calcd for Ni2C42H42Br4N4O14: C 39.92, H 3.35, N 4.43. TGA showed a weight 
loss from the beginning of heating, which corresponded to the removal of 
lattice water molecule (calcd: 5.7 %; found: 6.0 %), a gradual loss at 210 °C, 
which corresponded to the loss of two DMF molecules, followed by 
decomposition. The composition of compound 4-6 was determined by 
elemental analysis and TGA to be [Ni2(bcbpcb)(tbdc)(DMF)2]⋅4H2O. 
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The channels or pores created in FCPs (as introduced in Chapter 1), 
either flexible or rigid, are hub for nano/meso-space engineering as the 
channels/ pores can be functionalized and utilized for a variety of applications 
ranging from gas adsorption to catalysis.1 Recently, various gas uptake 
measurements have become an integral part of the regular MOF 
characterization. For example, due to its potential energy applications, the race 
to develop MOFs capable of storing hydrogen that can meet the entire target 
set by the US Department of Energy is still ongoing.2  
Recently it was found that high surface area doesn’t necessarily 
guarantee high volumetric uptake for H2 storage although it does increase the 
gravimetric uptake. Further, Unsaturated Metal Centers (UMCs) or open metal 
sites can potentially dictate the H2 uptake numbers by dissociatively binding 
with the gas.3 Taking these factors into consideration, the pore size and surface 
area are often studied in relation with the adsorption uptake.4  
Methane, due to its high hydrogen to carbon ratio, is an alternative 
clean fuel to lower the exponentially increasing carbon emission.2a, 2b, 2e, 5 The 
gas is easily produced by decomposing organic waste and is thus, another 
viable convenient source of fuel. Unlike the H2 adsorption mechanism in 
MOFs, neutron diffraction studies have proven that methane interacts 
distinctly with the organic spacer ligands.6 This exemplifies the significance of 
tuning organic molecules as spacer for methane storage studies in FCPs.2a An 
optimum pore size and high hydrophobicity of the ligand were projected as 
requirements for good hydrocarbon uptake values.7  
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The simpler design, ease of synthesis and predictability of established 
topologies such as pcu, dia, pts, fsc and ptt (discussed in Chapter1) are well-
studied and recorded in the literatures.8 Noncentrosymmetric coordination 
polymers were often studied for their Non-Linear Optical (NLO) properties 
and the dia network is the preferred choice due to its inherent lack of inversion 
centre in the repeating unit/ linking nodes.9 Till date, the prototypical NLO 
material KDP (Potassium dihyrogen phosphate) which has a dia topology is 
still widely utilized to modulate light.9  
Despite the pores being filled with solvent molecules, interpenetration 
is the default nature of dia MOFs for effective packing.10 Hence, controlling 
the pore size through tuning the interpenetration is a formidable challenge. As 
detailed in Chapter 1, depending on the nature of interpenetration, dia nets are 
divided into different Classes - Class I, Class II and Class III with sub classes 
a and b. In Class I, the nets are directed only by translational vectors; Class II 
by non-translational, space group symmetry elements: mainly inversion 
centers or proper/improper rotational axes or mirror/glide planes; Class III by 
overall entanglement of pure translational and space group symmetry 
elements.8 Despite the reduction in solvent accessible voids, recent studies 
have demonstrated that interpenetration can increase the heat of adsorption 
(Qst) for gas uptake in MOFs.11 Also, the degree of interpenetration of such 
net (as explained in Chapter 1), is found to influence this non-centrosymmetric 
character in MOFs whereby an even-fold interpenetration results in an 
inversion centre between two nets causing the overall centrosymmetric 
framework.9   
 Chapter 5 
123 
 
Pyridyl-carboxylate type ligands are used in this study as they are 
known to result in diamondoid frameworks when coordinating to suitable 
transition metals.12 Often, transition metals such as Zn(II), Cd(II), Co(II) and 
Cu(II) can adopt various coordination modes depending on the ligands used. 
The option to develop a non-centrosymmetric tetrahedral coordination 
environment is therefore driven by the asymmetric ligand used to assemble the 
MOF.   
5.2 Results and Discussion 
The pyridyl-carboxylate ligand used in Chapter 4 was utilized again to 
synthesize three dimensional coordination polymers of interest with transition 
metal ions Co(II), Cu(II), Cd(II) and Zn(II). All compounds were found to 
form the most obvious diamondoid framework, its ease of synthesis and lack 
of UMCs prompt us to choose for this study. As from the reports, these dia 
nets are interpenetrated and their degree of interpenetration is amenable by 
varying the solvents and temperatures as well as by functionalizing the spacer. 
The nets obtained can be represented by a general formula [M(L)2], where L is 
the pyridyl-carboxylate type bitopic ligand, trans-2-(4′-pyridyl)vinyl benzoic 
acid (Hpvba) or  trans-2-(3ʹ- methyl,4′-pyridyl)vinyl benzoic acid (Hmpvba) 
and M is the tetrahedral / pseudo-tetrahedral metal node: Zn(II), Cd(II), Co(II) 
or Cu(II).  
5.2.1 Structural analysis of [Zn(pvba)2]∙DMF (5-1)   
Yellow block crystals of 5-1 was obtained on slow cooling the 
solvothermal reaction of a mixture of Zn(ClO4)2 and Hpvba in DMF and 
water. The Zn(II) in the non-centrosymmetric monoclinic space group Cc was 
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found to exist in a five coordinate, pseudo-tetrahedral geometry coordinating 
with two pyridyl N atoms and two carboxylates, one in a monodentate fashion 
and another in chelating mode of pvba. During the course of our investigation, 




Figure 5.1: A perspective view showing a) the coordination environment 
around Zn(II) in 5-1 and b) a portion of the dia net in 5-1. The hydrogen 
atoms are omitted for clarity. Symmetry codes: A = 1+x, -y, -1/2+z; B = -½+x, 
1/2-y, -3/2+z; C = -1+x, -y, 1/2+z; D = ½+x, ½-y, 3/2+z.  
 
The tetrahedral Zn(II) node extends the framework into a 3D dia 
framework. As its usual nature the diamondoid nets are ultraporous and 
encourage interpenetration. Hence, the net is found to be seven-fold 
interpenetrated with a lattice DMF molecule. As simplified by TOPOS,14 the 
net seems to be of Class Ia type i.e., the nets are related by translational 
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symmetry and a Full interpenetration vector of 8.39 Å corresponding to the 
crystallographic c-axis, as shown in Figure 5.2. The adamantoid cage was 
found to exist with an edge length of 15.42 Å; apical distance of 22.77 Å, 
26.68 Å and 24.14 Å and with a diagonal Zn∙∙∙∙ Zn length of 41.34 Å. It 
exhibits a pore limiting diameter of 5.06 Å along [001].14 Thus leaving a 
solvent accessible void volume of 23.4% when determined by PLATON.18 
a)  
 b)  
c)  
Figure 5.2: A perspective view showing a) topological representation of the 
single adamantoid cage of the network 5-1, and b) and c) shows 7-fold 
interpenetrated nets, illustration of normal mode of the interpenetration Class 
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Ia: nets are related by a single translation only via Full Interpenetration Vector 
(FIV).  
 
5.2.2 Structural analysis of [Cd(pvba)2]∙DMF (5-2)   
Aqueous solution of Cd(ClO4)2 when reacted with DMF solution of 
Hpvba under solvothermal conditions, the isostructural analogue of 5-1 was 
obtained as yellow block crystals of 5-2. It was also found to crystallize in the 
same space group as that of 5-1, Cc, with a DMF molecule occupying the 
lattice space. The Cd(II) was found to occupy a pseudo-tetrahedral 
coordination sphere except that in this case, both carboxylate coordinate to the 
Cd(II) metal ion in a chelating mode. The solvent accessible void volume 
when calculated using PLATON was found to be 22.6%. 
a) b)  
c)  
Figure 5.3: A perspective view showing a) the coordination environment 
around Cd(II) in 5-2, b) single adamantoid cage of the dia net in 5-2 and c) 
shows 7-fold interpenetrated nets. The hydrogen atoms are omitted for clarity. 
Symmetry codes: A = -1+x, 2-y, ½+z; B = ½+x, 3/2-y, 3/2+z; C = -1/2+x, 3/2-
y, -3/2+z.  




The adamantoid cage was found to exists with an edge length of 15.77 Å; 
apical distance of 24.83 Å, 22.81 Å and 27.72 Å and with a diagonal Cd∙∙∙∙Cd 
length of 43.24 Å. The Class Ia type nets were packed with a translational 
vector of 8.57 Å, corresponding to the crystallographic c-axis.  
 
Figure 5.4: The comparison of simulated PXRD patterns for 5-1 and 5-2 
which are in fact isostructural.  
 
5.2.3 Structural analysis of [Zn(pvba)2] (5-3)   
Accidentaly, pale yellow platy crystals of compound 5-3 was obtained 
when the synthetic conditions of 5-1 were varied: using the same reaction 
solution at a higher temperature or by using DMA instead of DMF with all 
other factors kept constant. This very same structure was reported by Lin et al 
for NLO studies through a different synthetic procedure.12 As this structure 
was part of the sorption study, it is included in this thesis.  It was found to 
crystallize in the space group, C2 with the same formula unit but without the 
lattice DMF. The two crystallographically distinct Zn(II) lies on 2-fold axes 
coordinating to two carboxylates and two pyridyl N; Zn1 exist in  pseudo-
tetrahedral coordination environment with two chelating carboxylates whereas 
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Zn2 in a distorted tetrahedral geometry with both coordinating carboxylates in 
monodentate mode (Figure 5.5). It forms the similar dia net but was found to 
pack tightly into an eight-fold interpenetrated network which translates as a 
Class Ia type with a vector of 11.65 Å, corresponding to the crystallographic 
(½, ½, 0) C centering, without any solvent accessible void. In contrast to what 
is mentioned before, this eight-fold interpenetrated net was found to crystallize 
in chiral space group C2. The adamantoid cage was found to exist with an 
edge length of 15.31 Å; apical distance of 26.11 Å, 21.88 Å and 27.78 Å, with 
a diagonal Zn∙∙∙∙Zn length of 43.20 Å along the c-axis. This interpenetrated 
network has narrow channels of pore limiting diameter (PLD) 1.64 Å with no 
solvent accessible void when checked with PLATON. 
a)  
b)  
 Chapter 5 
129 
 
c) d)  
Figure 5.5: A perspective view showing a) the coordination environment 
around Zn1 and Zn2 in 5-3, b) adamantoid cage of the dia net in 5-3, c) 
topological view of it and d) the interpenetrating eight fold nets. The 
hydrogen atoms are omitted for clarity. Symmetry codes: A = 1-x, 2+y, 1-z; B 
= 2-x, y, 1-z; C = x, 2+y, 1+z; D = 1-x, y, 2-z.  
 
5.2.4 Gas adsorption studies on compounds 5-1, 5-2 and 5-3 
The structural stability of frameworks is confirmed after desolvation 
by PXRD. For this, the compounds were soaked in volatile solvent to 
exchange the high boiling DMF within the lattice to a low boiling MeOH. 
Later, evacuation of the MOF by heating in the sorption cell for measurements 
was conducted. CO2 adsorption measurements at 195 K revealed permanent 
porosity for 5-1 (Figure 5.6) and  revealed a Langmuir surface area of 
712 m²/g; 5-2 and 5-3 were found to be non porous according to N2 isotherms 
at 77 K. The Cd(II) framework of 5-2 was found to be unstable after 
desolvation which is reflected in the N2 isotherm data. In the case of 5-3, it 
was expected from the small PLD of 1.64 Å. 




Figure 5.6: CO2 isotherm of 5-1 measured at 195 K. 
 
The isosteric heat of adsorption (Qst) values as explained in the 
introduction provides a strong idea on the gas-sorbate interaction feasibility. 
The Qst values were calculated for CH4 from the adsorption data collected at 
298 K, 273 K and 248 K for all the compounds using the Clausius-Clapeyron 
equation. Compound 5-1 with an optimum channel size was found to show 
very good value (23 kJ/mol) for an MOF with saturated metal centres. The 
values are compared with that of known porous materials in Figure 5.7b. 
 
a)  




Figure 5.7: CH4 Qst value of 5-1 from low pressure data measured at 298 K 
and 273 K using virial equation, b) Comparison of Qst values at low loading 
versus PLD for selected porous materials. 
 
In fact, the Qst value at low loading is even better than that of MOMs 
with UMCs such as HKUST-1,15 Mg-MOF-74, Co-MOF-74, Ni-MOF-74, 
Mn-MOF-74 and Zn-MOF-74,2b,15 which exhibit Qst values of 17, 18.5, 19.6, 
21.4, 19.1 and 18.3 kJ/mol, respectively;2a, 2b, 4-6, 16 and also higher than 
covalent organic frameworks2a, 3b, 17 such as COF-1, COF-5, COF-6, COF-8, 
COF-10, COF-102 and COF-103 (Figure 5.7b). The volumetric CH4 uptakes 
for 5-1 was observed to be 26 cm3/cm3 (at 298 K, 1 bar). 
 
Figure 5.8: CH4 adsorption isotherms of 5-1 measured at 253 K, 273 K and 
298 K. 




Figure 5.9: CH4 adsorption isotherms of 5-1 at 253 K, 273 K and 298 K fitted 
using the virial equation. 
 
Based on these observations, CO2 and H2 adsorption capacities were also 
evaluated. The CO2 uptakes of 5-1 at 1 atm were found to be 54.5 cm3/g and 
69.8 cm3/g at 298 K and 273 K, respectively (Figure 5.10). The relatively 
steep CO2 uptake at lower pressure regions suggests of the strong affinity 
towards CO2. It also shows the selectivity in uptake of CO2 over N2. 
 
Figure 5.10: CO2 and N2 reversible single component adsorption isotherms 
for 5-1. 




Figure 5.11: CO2 adsorption isotherms of 5-1 at 273 K and 298 K fitted using 
the virial equation. 
 
It was found to show a H2 uptake value of 168.5 cm³/g at 77 K with a sharp 
uptake in the low pressure region (Figure 5.12). Optimum PLD might be the 
reason for a steep low pressure adsorption in all three cases. 
 
Figure 5.12: Reversible single component H2 adsorption isotherm for 5-1 
measured at 77 K. 
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With the above encouraging results, it is of our utmost curiousity to 
probe how isoreticular synthesis of MOF analogues by using a modified 
ligand will further affect the sorption property of the channels/ pores. Hence, 
three new MOFs were synthesized with a methyl substituted pvba ligand 
(mpvba) to draw a structural-property relationship for this MOF system. 
5.2.5 Structural analysis of [Co(mpvba)2]∙DMF∙2H2O (5-4) 
Co(ClO4)2 aqueous solution when mixed with DMF solution of 
Hmpvba and heated under solvothermal conditions to obtain purple rod like 
crystals of 5-4. It was found to crystallize in monoclinic space group C2/c, and 
the Co(II) exists in the pseudo-tetrahedral coordination environment. It is 
bonded to two N atoms of the pyridyl rings and two carboxylates oxygen 
atoms in a chelating manner. The pseudo-tetrahedral metal node was found to 
grow as a dia network with 2-fold interpenetration. The reduced 
interpenetration is mainly due to the steric hindrance of the methyl substituted 
spacer. This dia net is categorized under Class IIa interpenetration as the 
individual nets are related by a space group symmetry element, an inversion 
centre (Figure 5.13c), i.e. the Full Interpenetration Symmetry Element (FISE) 
for the framework is -1.14 
a)  
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b) c)  
Figure 5.13: A perspective view showing a) the coordination environment 
around Co(II) in 5-4, b) the two fold interpenetrating adamantoid cage of the 
dia net in 5-4 and c) shows topological view of the interpenetrating 2-fold 
nets. The hydrogen atoms are omitted for clarity.  
 
The adamantoid cage was found to exists with an edge length of 15.60 Å; 
apical distance of 21.60 Å, 27.30 Å and 26.22 Å and with a diagonal Co∙∙∙∙Co 
length of 44.54 Å. PLATON calculations showed a solvent accessible void 
volume of 30.5%.18 
5.2.6 Structural analysis of [Cu(mpvba)2]∙DMF∙H2O (5-5) 
Cu(NO3)2 solution when reacted with DMF solution of mpvba under 
solvothermal condition, resulted in blue hexagonal crystals. Although it was 
crystallized in an orthorhombic space group Fdd2 the connectivity was found 
to be the same as that of 5-4, the Cu(II) coordinating to two pyridyl nitrogens 
and two chelating carboxylates. Same as 5-4, the dia nets pack in Class IIa 
fashion but in this case the individual nets are related by space group 
symmetry element, a 2-fold rotational axis along c-axis (Figure 5.14d), i.e. the 
Full Interpenetration Symmetry Element (FISE) for the framework is 2[001]. 




b) c)  
d)  
Figure 5.14: A perspective view showing a) the coordination environment 
around Cu(II) in 5-5, b) the adamantoid cage of the dia net in 5-5 and c) and 
d) the two fold interpenetrating network. The hydrogen atoms are omitted for 
clarity.  
 
The adamantoid cage was found to exist with an edge length of 15.33 Å; 
apical distance of 28.70 Å, 22.40 Å and 23.47 Å and with a diagonal Cu∙∙∙∙Cu 
length of 41.77 Å. PLATON calculations showed a solvent accessible void 
volume of 39.6%. 
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5.2.7 Structural analysis of [Cd(mpvba)2]∙DMF∙H2O (5-6) 
Solvothermal reaction of mpvba in DMF with Cd(ClO4)2 aqueous 
solution on slow cooling leads to colorless block crystals of 5-6. Crystallised 
in a monoclinic space group P21/c, the connectivity and packing is very 
similar to that of 5-4. It packed in similar dia topology with 2-fold 
interpenetration which is categorized under Class IIa interpenetration as the 
individual nets are related by space group symmetry element, an inversion 
centre (Figure 5.15b), i.e. the Full Interpenetration Symmetry Element (FISE) 
for the framework is -1.  
 The adamantoid cage was found to exists with an edge length of 15.78 Å; 
apical distance of 28.16 Å, 28.23 Å and 24.88 Å and with a diagonal Cd∙∙∙∙Cd 
length of 43.69 Å. PLATON calculations showed a solvent accessible void 
volume of 28.7 %. 
a) b)  
Figure 5.15: A perspective view showing a) the coordination environment 
around Cd(II) in 5-6, b) interpenetrating dia net in 5-6. The hydrogen atoms 
are omitted for clarity.  
 
As exemplified in the above discussion, this set of CPs with substituted pvba 
(mpvba) are quite porous and due to time constraints they are yet to be studied 
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for their gas adsorption properties. Compound 5-5 crystallised in a non 
centrosymmetric Fdd2 space group and compounds 5-1 and 5-2 has odd fold 
interpenetration which was crystallised in Cc also possess a possiblity to study 
NLO properties for these compounds. 
5.3 Conclusion 
Six 3D CPs are synthesized from two pyridyl-carboxylate type ligands, 
the tuning of interpenetration was done by varying the synthetic conditions as 
well as by modifying the spacer ligand. The 7-fold interpenetrated MOF, 5-1 
was found to be the best methane adsorber at low loading without any open 
metal sites. Later, the MOF was tuned to increase the hydrophobicity by 
substituting it with methyl group. This was found to have a large impact on the 
degree of interpenetration. However, these modified MOFs are yet to be 
studied for methane uptake and NLO properties. 
5.4 Experimental Section  
5.4.1 X-ray Crystallography 
Intensity data for compounds 5-1 to 5-6 were collected at on a Bruker APEX 
diffractometer attached with a CCD detector and graphite-monochromated 
MoKα (λ = 0.71073 Å) radiation using a sealed tube (2.4 kW). An empirical 
absorption correction was applied to the data using the SADABS19 program. 
All the structures were solved by using direct methods and refined on F2 by 
full- matrix least squares procedures with SHELXTL20. Crystal data as well as 
details of data collection and refinement are summarized in Table 5.1. 
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Table 5.1: Crystallographic data for compounds 5-1 to 5-6.  
Compound 5-1 5-2 5-3 5-4 5-5 5-6 
Empirical Formula C31H27N3O5Zn C31 H27Cd N3 O5 C28 H20N2O4Zn C90H72.38Co3N6O12 C10H10N3O8Cu C65H59.67Cd2N5.67O12 
Formula Weight 586.93 633.96 513.83 1606.70 363.75 1336.98 
Temperature (K) 100(2)  100(2)  223(2)  173(2)  173(2)  173(2)  
Wavelength λ, (Ǻ) 0.71073  0.71073  0.71073  0.71073  0.71073  0.71073  
Crystal System Monoclinic Monoclinic Monoclinic Monoclinic Orthorhombic Monoclinic 
Space Group Cc Cc C2 C2/c Fdd2 P21/c 
a(Ǻ) 13.4836(11) 13.940(4) 21.603(4) 33.173(5) 21.3906(9) 27.4510(14) 
b(Ǻ) 24.964(2) 24.425(7) 8.7356(17) 27.678(5) 39.3683(16) 26.5144(13) 
c(Ǻ) 8.3985(7) 8.568(2) 13.180(3) 27.302(6) 41.7764(16) 28.1611(12) 
α, (deg) 90 90 90 90 90 90 
β, (deg) 98.878(3) 96.922(6) 94.167(5) 125.380(6) 90 90 
γ, (deg) 90 90 90 90 90 90 
V, (Ǻ3) 2793.1(4) 2896.0(14) 2480.7(9) 20438(7) 35180(2) 19925.6(16) 
Z 4 4 4 8 2 12 
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Dcalcd, Mg cm-3 
1.396 1.454 1.376 1.044 1.580 1.337 
Absorption Coefficient 
μ,mm-1 
0.924 0.798 1.026 0.533 1.470 0.701 
Theta range for data collection(°) 1.73 to 27.49° 1.67 to 27.50° 1.55 to 27.49° 2.1 to 50° 2.84 to 57° 3.958 to 50° 
Reflections Collected 9935 9790 
 
8602 42684 83952 312162 
Independent reflections 
5811 [R(int) = 
0.0541] 
5964 [R(int) = 
0.0403] 
5338 [R(int) = 0.0437] 
 
17428[R(int) = 0.1930] 
20834[R(int) = 
0.1175] 
35053[R(int) = 0.1500] 
Data[I> 2σ(I)]/ restraints/ parameters 5811/ 32  / 363 5964 / 29 / 326 5338 / 1 / 317 17428/0/988 20834/1/854 35053/84/2317 
GOF on F2 1.020 1.073 1.097 0.618 1.592 1.035 
Flack Parameter 0.0193 0.0337 0.0936    
Final R indies[I> 2σ(I)]a,b 
R1 = 0.0673, wR2 = 
0.1409 
R1 = 0.0473, wR2 = 
0.1174 
R1 = 0.0783, wR2 = 
0.1978 
R1 = 0.0781, wR2 = 
0.1643 
R1 = 0.1145, wR2 
= 0.3052 
R1 = 0.0602, wR2 = 
0.1402 
Final R indies (all data) a,b 
R1 = 0.0905, wR2 = 
0.1552 
R1 = 0.0502, wR2 = 
0.1195 
R1 = 0.0886, wR2 = 
0.2067 
R1 = 0.2850, wR2 = 
0.2083 
R1 = 0.2092, wR2 
= 0.3331 
R1 = 0.1131, wR2 = 
0.1591 
Largest diff. peak and hole ( e.Å-3) 
0.888 and -0.412 1.648 and -1.429 2.214 and -1.207 0.453 and -0.535 1.566 and -0.651 1.158 and -0.674 
 Chapter 5 
141 
 
5.4.2 Syntheses and Characterizations 
Materials and General Methods. General methods and instrumentation 
details can be found in Appendix-1. The physicochemical properties of 
compounds are given in Appendix-5. Low pressure gas adsorption isotherms 
were measured on the Micrometrics ASAP 2020 Surface Area and Porosity 
Analyzer at University of South Florida by our collaborator, Mike Zaworotko. 
CAUTION! Although we did not encounter any untoward incidents, 
perchlorate metal salts are potentially explosive and should be handled in 
small quantities. 
Synthesis of [Zn(pvba)2]∙DMF (5-1). Hpvba (0.022 g, 0.1 mmol) was 
dispersed in DMF and added a solution of Zn(ClO4)2·6H2O (0.018 g, 0.05 
mmol) in H2O. The resulting solution was heated in a scintillation vial at 90 
°C for 12 h and cooled slowly to room temperature at a rate of 5 oC min-1 that 
gave pale yellow  block shaped single crystals. Yield = 57%. 1H-NMR δH (300 
MHz, DMSO-d6, ppm), 8.88 (2H, d, Py-H), 8.02 – 7.81 (m, four doublets 
including one singlet of aldehyde-H DMF, 7H of Py, Ph and ethylenic 
protons), 7.67 (1H, d, CH=CH), 2.88 and 2.72 (s, CH3 protons of DMF). 
Elemental Analysis, (%) Found: C, 63.21; H, 4.71; N, 6.99 Calcd for 
ZnC31H27N3O5: C, 63.44; H, 4.64; N, 7.16. The TGA shows the weight loss 
for a DMF molecule (calculated = 12.5%, observed = 13.2% ) starting from 80 
°C and the structure is found to be stable upto 350 °C.  
Synthesis of [Cd(pvba)2].DMF (5-2). Hpvba (0.022 g, 0.1 mmol) was 
dispersed in DMF and added to a solution of Cd(ClO4)2·6H2O (0.015 g, 0.05 
mmol) in H2O. The resulting solution was heated in a scintillation vial at 110 
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°C for 24 h and cooled slowly to room temperature at a rate of 5 oC min-1 that 
gave pale yellow rod shaped single crystals. Yield = 59%. 1H-NMR δH (300 
MHz, DMSO-d6, ppm), 8.88 (2H, d, Py-H), 8.02 – 7.81 (m, four doublets 
including one singlet of aldehyde-H DMF, 7H of Py, Ph and ethylenic 
protons), 7.67 (1H, d, CH=CH), 2.88 and 2.72 (CH3 protons of DMF). 
Elemental Analysis, (%) Found: C, 58.89; H, 4.95; N, 6.26 Calcd for 
CdC31H27N3O5: C, 58.73; H, 4.29; N, 6.63. TGA shows the weight loss for a 
DMF molecule (calculated = 11.7% , observed = 12.0% ) starting from 80 °C 
and the structure is found to be stable upto 350 °C.  
Synthesis of [Zn(pvba)2] (5-3). Hpvba (0.022 g, 0.1 mmol) was dispersed in 
DMF and added a solution of Zn(ClO4)2·6H2O (0.018 g, 0.05 mmol) in H2O. 
The resulting solution was heated in a scintillation vial at 120 °C for 60 h and 
cooled slowly to room temperature at a rate of 5 oC min-1 that gave thin platy 
single crystals. Yield = 45%. 1H-NMR δH (300 MHz, DMSO-d6, ppm), 8.88 
(2H, d, Py-H), 8.02 – 7.81 (m, four doublets, 7H of Py, Ph and ethylenic 
protons), 7.67 (1H, d, CH=CH). Elemental Analysis, (%) Found: C, 65.11; H, 
3.96; N, 5.13 Calcd for ZnC28H20N2O4: C, 65.45; H, 3.92; N, 5.45. TGA 
shows the structural stability upto 300 °C.  
Synthesis of [Co(mpvba)2].DMF.2H2O (5-4). An aqueous solution (4.0 ml) 
of Co(NO3)2·6H2O (29.1 mg, 0.1 mmol) was mixed with Hmpvba (47.9 mg, 
0.2 mmol) in 4 ml of DMF with 4 ml of ethanol. The mixture was heated in a 
scintillation vial at 120 °C for 2 days to obtain purple hexagonal rod like 
crystals on slow cooling. Yield = 26%. 1H-NMR δH (300 MHz, DMSO-d6, 
ppm), 8.75 (2H, d+s, pyridyl proton), 8.37 (1H, d, pyridyl protons), 8.00 (2H, 
d, phenyl protons), 7.92 (3H, dd, phenyl protons + vinyl proton), 7.62 (1H, d, 
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CH=CH proton),  2.87 and 2.71 (6H, s, methyl protons of DMF). 2.58 (3H, s, 
methyl protons of mpvba). Elemental analysis, (%) Found: C, 61.97; H, 5.48; 
N, 6.25 Calcd for CoC33N3H35O7: C, 61.49; H, 5.47; N, 6.52. TGA showed a 
weight loss of 17.3% which corresponded to the loss of a DMF and two water 
molecules (calculated 16.9%), followed by decomposition at 350 °C. 
Synthesis of [Cu(mpvba)2].DMF.H2O (5-5). An aqueous solution (8.0 ml) of 
Cu(NO3)2·6H2O (59.12 mg, 0.1 mmol) was mixed with Hmpvba (47.9 mg, 0.2 
mmol) in 4 ml of DMF. The mixture was heated in a scintillation vial at 90 °C 
for 2 days to obtain green block crystals on slow cooling. Yield = 41%.  1H-
NMR δH (300 MHz, DMSO-d6, ppm), 8.80 (2H, pyridyl proton), 8.39 (1H, 
pyridyl protons), 8.00 (2H, d, phenyl protons), 7.92 (3H, dd, phenyl protons + 
vinyl proton), 7.62 (1H, d, CH=CH proton),  2.87 and 2.71 (6H, s, methyl 
protons of DMF). 2.58 (3H, s, methyl protons of mpvba). Elemental analysis, 
(%) Found: C, 61.05; H, 5.43; N, 6.47 Calcd for CuC33N3H37O8: C, 59.41; H, 
5.59; N, 6.3. TGA showed a weight loss of 13.3% which corresponded to the 
loss of a DMF and two water molecules (calculated 14.4%), followed by 
decomposition at 250 °C. 
Synthesis of [Cd(mpvba)2].DMF.H2O (5-6). An aqueous solution (4.0 ml) of 
Cd(ClO4)2·xH2O (31.1 mg, 0.1 mmol) was mixed with Hmpvba (47.9 mg, 0.2 
mmol) in 4 ml of DMF. The mixture was heated in a scintillation vial at 110 
°C for 2 days to obtain colorless block like crystals on slow cooling. Yield = 
51%.  1H-NMR δH (300 MHz, DMSO-d6, ppm), 8.77 (2H, d+s, Pyridyl 
proton), 8.38 (1H, d, pyridyl protons), 8.01 (2H, d, phenyl protons), 7.93 (3H, 
dd, phenyl protons + vinyl proton), 7.64 (1H, d, CH=CH proton), 2.88 and 
2.72 (6H, s, methyl protons of DMF). 2.59 (3H, s, methyl protons of mpvba). 
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Elemental analysis, (%) Found: C, 58.15; H, 5.67; N, 6.16 Calcd for 
CdC33N3H33O6: C, 58.28; H, 4.89; N, 6.18. TGA showed a weight loss of 
14.2% which corresponded to the loss of a DMF and a water molecule 
(calculated 15.0%), followed by decomposition at 315 °C. 
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2D and 3D Coordination Polymers Built from  
TCCB Ligand and Multi-Topic Pyridyl 





























The directional bonding approach to generate an infinite ensemble of 
connected metal ions and ligands in defined dimensions led to the boom of the 
Metal-Organic Frameworks (MOFs).1 By varying the coordinating metal 
subunit and/or modifying the spacer, the adaptability and versatility of the 
framework can be tuned to have physical and chemical advantage in the field 
of gas-sorption, electronic, magnetic and catalytic properties.1a, 1e, 2 These 
properties are mostly dependent on the pore size, surface area, shape, reactive 
sites and stability of the framework. Materials with elaborated frameworks 
such as inorganic zeolites and covalent organic frameworks (COFs) are often 
compared with MOFs in terms of their properties. MOFs stood out from them 
with remarkable versatility, crystallinity and ease of synthesis.2j, 3 
In general, the ligand stereochemistry and metal coordination geometry 
will dictate the pore size and shape in the structure of CPs. Carboxylate 
ligands, ranging from bivalent to tetravalent aromatic types are mostly used 
due to the ease of design, synthesis, and the stability of the resulting 
framework.1a, 4 Keeping in mind the numerous permutations and combinations 
of the ligands and metal ions that can be varied, the design principles can be 
applied to generate an array of novel multidimensional CPs with various novel 
framework structures. 1b-e, 2a, 2d, 3e, 5 PCPs with an ordered inter layer of water 
molecules are found show proton conductivity by proton hopping mechanism 
and this conductivity is even enhanced when the PCPs have acidic group 
decorated pore.6 
As crystals always obey the axiom ‘Nature abhors a vacuum’, these 
ultra porous structures mostly crystallize out together with the mother solvents 




or/and interpenetrate to maximize the packing efficiency. Even ice is known to 
exist in interpenetrated (e.g., Ice VI, exist in two fold interpenetrating 
edingtonite net) and non-interpenetrated forms.7 Researchers around the globe 
working on the MOFs utilize the designing principles to control the degree of 
interpenetration by solvent, temperature,8 concentration,9 ligand design10 etc. 
Interpenetration has always been considered as undesirable for the gas uptake 
properties of the MOFs until the studies of Zhou et al on framework 
catenation isomerism and its effects on gas adsorption properties prove 
otherwise.11 Recent studies, however, proved that the interpenetrated 
structures can sometimes adsorb 29% more H2 when compared to the non-
interpenetrated isomer, due to its higher interaction energies. In addition, 
recent reports prove that interpenetrated MOFs with a smaller pore size exhibit 
better CO2 selectivity than the regular one. It also depicted the importance of 
optimum pore size and not the largest surface area which is responsible for 
sorption.5a  
The connectivites and the angles introduce the concepts of topology in 
the CPs. Topology, a mathematical model that depict the relationship of 
neighborhood space are independent of the metric distances.12 As structure 
determine properties, topology design resulting in pre-constructed functional 
space is as important as the choice of ligand and metal. 
In this chapter, crystal engineering principles were utilized to 
synthesize multidimensional CPs of a tetracarboxylic acid ligand rctt-1,2,3,4-
tetrakis- (4ʹ-carboxyphenyl)-cyclobutane (rctt-H4TCCB), the tetracarboxylate 
ligands are rarely studied due to difficulty in isolating rctt-isomeric form. Its 
simple square planar 2-D tetra-connectivity eased the design of polymers with 




different dimensions. We describe the synthesis and characterization of two 
dimensional as well as three dimensional structures in this chapter. The pore 
size of the CPs was tuned by using different types and lengths of spacer 
molecules.  
The two dimensional sheet-like structures of M2(TCCB) was extended 
into the third dimension using bipyridyl and tetrapyridyl ligands.  Three of 
them crystallized as two-fold interpenetrated pillared-layer structure, whereas 
in the case of a short spacer ligand the CP has an unusual topology. Two 
distinct types of isostructural trinodal CPs were resulted with the tetrapyridyl 
spacer. As proposed, this design could avoid the otherwise inevitable 
interpenetration. One set falls under a rare MOF type topology whereas the 
other set has a novel topology with porous channels and high solvent 
accessible void volume.  
6.2 Results and Discussion 
Three 2D CPs [Mg(H2TCCB)(DMF)2] (6-1), [Mn(H2TCCB)(DMF)2] 
(6-2) and [Zn2(TCCB)(dps)(H2O)]∙DMF (6-3) and four 3D CPs 
[Zn2(TCCB)(bpy)]∙DEF (6-4), [Zn2(TCCB)(bpe)]∙DMF (6-5), 
[Zn2(TCCB)(bpmh)]∙DMA∙2H2O (6-6) and [Co3(TCCB)2(DABCO-
H+)2(H2O)2]∙2DMF∙4H2O (6-7) were synthesized from their corresponding 
metal salts, rctt-H4TCCB and varying bipyridyl ligands (4,4′-bipyridyl 
sulphide (dps); 4,4ʹ-bipyridyl (bpy);1,2 bi(4ʹ-pyridyl) ethylene (bpe); N,Nʹ-bis-
(4-pyridyl) methylene hydrazine (bpmh); 1,4-diazabicyclo[2.2.2]octane 
(DABCO)) under solvothermal condition, followed by slow cooling. Using 
different metal ion with TCCB and another tetratopic ligand (rtct-tpcb) 
resulted in four novel CPs; [Co2(TCCB)(rtct-tpcb)(µ-H2O)(H2O)]∙DMF∙xH2O 




(6-8), [Ni2(TCCB)(rtct-tpcb)(µ-H2O)(H2O)]∙DMF∙xH2O (6-9), 
[Cd(TCCB)(rtct-tpcb)DMF]∙3H2O (6-10), [Zn(TCCB)(rtct-tpcb)]∙DMF∙xH2O 
(6-11). All of these compounds were further characterized by elemental 
analysis, TGA, 1H-NMR spectroscopy and PXRD techniques where possible. 
 
Figure 6. 1: Tetracarboxylic acid and bipyridyl ligands. 
 
Previously, our group synthesized a [Zn2(TCCB)(DMO)2]∙2DMF 
(where DMO is dimethylamine oxide) 2D CP and used to study the gas 
adsorption properties. It exhibited standard adsorption values for CO2 
uptake.13 Hence these CPs were designed and constructed with the purpose to 
study adsorption properties and hence, the structural stability of these 
frameworks has to be proven after desolvation. For this purpose, the high 
boiling lattice solvent molecules within the MOFs were exchanged with low 
boiling methanol. Thereafter, the solvent exchanged MOFs were activated at 
around 90 °C to get the desolvated framework. The PXRD patterns of the 
desolvated compound were compared to the original to determine the 
structural stability and integrity. 
6.2.1 CPs of 2D Sheet structure with TCCB 
Three 2D CPs were synthesized from rctt-H4TCCB and different 
divalent metal ions. With Mg(NO3)2 and Mn(NO3)2, the CPs yielded 2D sheets 
with DMF molecules coordinating in the axial positions whereas in the 




presence of bipyridyl ligand, Zn(NO3)2 forms a 2D sheet-like structure with 
the bipyridyl acting as a monodentate ligand.   
6.2.1.1 Structural analysis of [Mg(H2TCCB)(DMF)2] (6-1) 
An aqueous solution of Mg(NO3)2 hexahydrate salt was mixed with a 
DMF solution of rctt-H4TCCB  reacted at 120°C for 2 days and was slowly 
cooled to obtain hexagonal block crystals of 6-1 which was found to 
crystallize in an orthorhombic space group Pnnm. The 2D sheet structure has 
the Mg(II) ion occupying an octahedral coordination environment, with the 
carboxylate ions satisfying the equatorial sites and the axial positions occupied 
by the DMF molecules. Interestingly, out of the four carboxylates coordinated 
to the metal, only two are deprotonated which might be due to the inefficiency 
of Mg(II) ions to form a paddle-wheel secondary building unit as compared to 
Zn(II) or Cu(II) ions. Mg(II) ion, which can be treated as a four connecting 
node, together with the tetra-connecting TCCB ligand formed a 2D (4,4) 
connected grid structure of dimension of 15.03 Å x 9.17 Å. These layers are 
further stacked in a ABAB fashion with the cyclobutane ring residing above 
the Mg(II) centre plane (as shown in the Figure 6.2 brown spheres represents 
the Mg(II) centres and the yellow spheres represent the cyclobutane centre).  
a)  






Figure 6.2: The perspective view of a) the coordination environment around 
the Mg(II) centre, b) the 2D sheet and c) the ABA stacking in the crystal, a 
topological view. The hydrogen atoms are omitted for clarity. Symmetry 
codes: A = x, y, 1-z; B = -x, 1-y, z, 1-z; C = -x, 1-y, 1-z. 
 
 
These 2D grids were found to be interdigitated by the axially 
coordinated DMF molecules. The inter-planar distance between the two 
adjacent A-planes is 11.84 Å. The solvent accessible void was calculated to be 
26.12 % of the total volume by PLATON.14  The topology of the four 
connected uninodal net was determined as sql/Shubnikov tetragonal plane net 
by TOPOS.15  




As shown in Figure 6.3, the PXRD patterns of the desolvated MOFs 
matched well with the simulated structure patterns of [Mg(H2TCCB)(DMF)2] 
(6-1). 
 
Figure 6.3: PXRD pattern of synthesized [Mg(H2TCCB)(DMF)2] (6-1) 
compared with simulated and the desolvated patterns. 
 
As exemplified by the Mg(II) analogue of MOF-74 which exhibit high CO2 
uptake capacity (35.2 wt% at 298K, 1atm), unsaturated metal centres (UMCs) 
in CPs can enhance gas uptake and selectivity.16 The maintained structural 
integrity of the desolvated compound (6-1ʹ) prompted gas adsorption studies 
with CO2.   
Although previously a similar Zn(II) compound 
[Zn2(TCCB)(DMO)2]∙2DMF (where DMO is dimethylamine oxide) showed 
an average uptake of CO2 (8 wt% adsorption at 1 bar), the Mg(II) compound 
surprisingly showed very low uptake for CO2. This could be due to the acidity 
of the partially protonated TCCB reducing the polarizability of the framework 
and the small solvent accessible void (26%) when compared to the Zn(II) 




counterpart which might be due to a smaller inter-planar distance (5.92 Å 
compared to 7.08 Å) and/or stronger interactions between the planes. 
6.2.1.2 Structural analysis of [Mn(H2TCCB)(DMF)2] (6-2) 
Solvothermal reaction of a mixture of the aqueous solution of 
Mn(NO3)2 salt and the DMF solution of rctt-H4TCCB with slow 
crystallization created thin rod-like crystals in two days which slowly 
redissolved over time to form block crystals 6-2. Although it was found to 
crystallize in monoclinic space group P21/c, it showed the same connectivity 
and topology as that of [Mg(H2TCCB)(DMF)2] (6-1). The 2D sheets stack 
parallel in an ABAB fashion with an ‘A to A’ inter-planar distance of 11.85 Å 
giving a solvent accessible volume of 27.10%. In Figure 6.4, the red spheres 
representing the Mn(II) centres and the yellow balls TCCB centres, revealed a 
4-connected uninodal Shubnikov tetragonal plane net. In other words, it is 
very similar to that of 6-1. 
a) b)  





Figure 6.4: The perspective view of a) the coordination environment around 
the Mn(II) centre, b) the 2D sheet and c) the ABA stacking in the crystal. The 
hydrogen atoms are omitted for clarity. Symmetry Codes: A = x, 1+y, z; B = 
2-x, 3-y, -z; C = 2-x, 4-y, -z.   
 
6.2.1.3 Structural analysis of [Zn2(TCCB)(dps)(H2O)]∙DMF (6-3) 
DMF solution of rctt-H4TCCB and 4,4′ -bipyridyl disulfide or 
Aldrithiol (AT) reacted with an aqueous solution of Zn(NO3)2 under 
solvothermal condition which on slow cooling produced yellow block crystals 
of X-ray quality crystallized in triclinic Pī space group. 4,4′-bipyridyl disulfide 
was added originally to extend the 2D sheets of Zn2(TCCB) into three 
dimensional structure but surprisingly AT was found to lose one sulphur atom 
during the solvothermal synthesis and form 4,4′-bipyridyl sulfide  (dps) which 
revealed an angular geometry (angle between the two nitrogen with the S atom 
is 109.92°) and thus showing inability to bridge the neighboring layer. A 
paddle-wheel SBU was formed with two Zn(II) ions bridged by four 
carboxylate anions of TCCB, with Zn(II) occupying a square pyramidal 
coordination environment. The two crystallographically distinct Zn(II) ions 
differ in their axial coordination:  for Zn1 it is an aqua ligand whereas for Zn2 




it is the pyridyl nitrogen of dps. The paddle-wheel Zn(II) dimer and the tetra-
connected TCCB ligand formed 2D grid-like structure which is interdigitated 
by the another coordinated bipyridyl ligand layer and stack in a ABAB 
fashion. The first layer and the third layer is slip stacked so as to facilitate the 
hydrogen bonding (N22C∙∙∙H7-O7 distance being 2.72 Å, and the symm 
operator for C is x, y, 1+z) between the pyridyl N and the axially bonded 
water molecule of third layer. Thus, the two adjacent layers are locked with 
the bend bipyridyl ligand of one layer extending out of the square grid of the 
neighboring layer.   
a)  
b)  





Figure 6.5: The perspective view of a) the coordination environment around 
the Zn(II) centre, b) the interdigitated 2D sheet and c) the ABA stacking in the 
crystal showing the H bonding between the layers. The hydrogen atoms are 
omitted for clarity  
 
6.2.2 Three dimensional frameworks with TCCB 
The axial solvent ligands in 2D CPs sheet like 6-1 and 6-2 are often 
labile and can be replaced by an additional bifunctional spacer which will 
generate a pillared-layer 3D framework. Thus, a series of bipyridyl ligands 
were used in this section to modify the pore size. The following four ligands 
with variable lengths were used to generate 6-4, 6-5, 6-6 respectively: bpy, 
bpe and bpmh; whereas, the smallest possible dipyridyl linker, DABCO was 
used to make compound 6-7.  
6.2.2.1 Structural analysis of [Zn2(TCCB)(bpy)]∙DEF (6-4) 
Solvothermal synthesis of aqueous solution of Zn(II) with DEF 
solution of rctt-H4TCCB and bpy resulted in colorless block crystals of 6-4. 
The crystals were found to crystallize in triclinic Pī space group. The paddle-




wheel Zn(II) dimer coordinates to the carboxylate anions of the TCCB ligands 
extending in two dimension along the ac-plane. The 2D sheets are further 
extended along the b-axis by the bipyridyl spacer. The 2D grid with the size, 
14.87 x 10.71 Å is pillared by the spacer of length of 11.11 Å forming a 
porous rectangular cage. Nevertheless, the pore size was reduced due to a 2-
fold interpenetration with a DEF molecule occupying the cavity. The six 
connecting Zn(II) dimer and the four connecting TCCB ligand can be 
simplified into a (4,6) connected binodal net with fsc topology. The point/ 
Schlafi symbol for the whole net is {44.610.8}{44.62}. 
a)  
b)  




c) d)  
Figure 6.6: The perspective view of a) the coordination environment around 
the Zn(II) centre, b) the 2D sheet portion, c) of the cage like pillared-layer 
structure and d) the two fold interpenetrated nets, color codes; purple balls 
represent the Zn(II) dimer centre and yellow balls the TCCB node, blue for the 
second interpenetrating net. Symmetry Code: A = x, 1+y, z.   
 
This 2-fold interpenetrated 3D net showed 22% solvent accessible void 
volume when calculated using PLATON. 
6.2.2.2 Structural analysis of [Zn2(TCCB)(bpe)]∙DMF (6-5) 
A DMF solution of rctt-H4TCCB and bpe was mixed with an aqueous 
solution of Zn(NO3)2 and reacted under solvothermal condition to obtain 
colorless block crystals of 6-5. It also crystallizes in Pī and forms a pillared-
layer framework.  The Zn2(TCCB) sheets are in ac-plane with an inversion 
centre lie within the TCCB ligand is linked to each other by bpe. Similarly, the 
13.39 Å bpe pillars support the 15.37 x 9.73 Å 2D grid forming a porous cage 
like structure which has the same (4,6) connected fsc framework as 6-4. The 
porous network was found to be doubly interpenetrated with a DMF solvent 
molecule occupying the interpenetrated cavities. As calculated by PLATON, 
the 31% solvent accessible volume is higher compared to 6-4 due to the 
increase in spacer length. 





Figure 6.7: The perspective view of a) the cage like pillared-layer structure 
and b) the two fold interpenetrated nets. 
 
6.2.2.3 Structural analysis of [Zn2(TCCB)(bpmh)]∙DMA∙2H2O (6-6) 
Solvothermal reaction of Zn(NO3)2 solution with DMA solution of 
rctt-H4TCCB and bpmh resulted in yellow rhombus-like crystals of X-ray 
quality. The compound 6-6 crystallizes in the triclinic space group, Pī and 
forms the same pillared-layer scaffold. The Zn2(TCCB) layer contains the 
TCCB ligand which lie on the centre of inversion and is extended in the (101) 
plane. The bpmh ligand is almost perpendicular to the plane but slanted by an 
angle of 27° despite the other cases where the bipyridyl ligands are 
perpendicular to the Zn2(TCCB) plane. The connectivity is the same and thus 
it is again another (4,6) connected binodal net with fsc topology. The 
increased length of the ligand enhances the solvent accessible void to 37% 
which is occupied by a DMA molecule and two water molecules. 




a) b)  
Figure 6.8: The perspective view of a) the cage like pillared-layer structure 
and b) the two fold interpenetrated nets. 
 
Thus, the pillared-layer Zn(II) CPs 6-4, 6-5, 6-6 were all found to be 
two-fold interpenetrated. Hence, a simple comparison of porous void gave an 
increase in solvent accessible void volume with increasing spacer length 
(Figure 6.9). 
 
Figure 6.9: Comparison plot of spacer length with the solvent accessible void 
volume percent in 6-4 to 6-6.  
 
As shown in section 6.6.2 of Appendix-6, the PXRD patterns of the 
desolvated MOFs matched well with the simulated structure patterns. The gas 
adsorption studies for these compounds maintaining the structural integrity 
after desolvation are yet to be investigated due to time constraints. 





6.2.2.4 Structural analysis of [Co3(TCCB)2(DABCO-
H+)2(H2O)2]∙2DMF∙4H2O (6-7) 
Aqueous solution of Co(NO3)2 with the DMF solution of rctt-H4TCCB 
and DABCO under solvothermal conditions forms pinkish-orange crystals of 
6-7. Unlike the other cases, the crystal assumes an orthorhombic space group 
Cmca and has a different composition and structure from that of 6-6. Although 
Co(II) is known to form the paddle-wheel binuclear building unit, it is 
surprisingly found to form a trimeric secondary building unit. The affinity of 
Co(II) ions for water molecules is more than Zn(II) ions which might be the 
reason driving the formation of trinuclear subunit with bridging water 
molecules. The Co(II) atoms in this rare building block are coordinating to 
eight carboxylates donors of TCCB ligands, out of which four are bridging 
carboxylate and four are monodentate carboxylates. The two bridging water 
molecules and two protonated DABCO ligands lying on the mirror plane 
along the c-axis. The crystallographically distinct Co1 and Co2 ions assume an 
octahedral coordination environment. Due to this existing mirror plane 
through the trinuclear metal subunit parallel to c-axis, the DABCO ligand is 
heavily disordered and the two-fold axis along the TCCB cyclobutane 
contributes to the disorder of the phenyl rings. The bridging water molecules 
are H bonded to the carboxylate oxygen (O5-H51∙∙∙O4C distance being 2.56 Å 
and symmetry operator for C, 1-x, -1/2+y, 3/2-z). Notably, the DABCO ligand 
which was expected to be the shortest pillar thereby avoiding the 
interpenetration surprisingly coordinated only through one nitrogen leaving 
the other nitrogen side protonated.  




The entire structure can be simplified into a binodal (4,8) connecting 
flu/fluorite net with a point/ Schlafi symbol {412.612.84}{46}2 by TOPOS. As 
revealed from the complicated structure and the higher degrees of 









Figure 6.10: The perspective view of a) the coordination environment around 
the Co(II) centre in 6-7, b) a part of the 3D structure and c) the topological 
representation of the 3D fluorite structure, color codes pink balls represent the 
Co(II) trimeric node and grey balls the TCCB node. Symmetry Codes: A= x, 
1-y, 1-z; B = 1-x, y, z; C = 1-x, -½+y, 3/2-z; D = x, -1/2+y, 3/2-z; E = 1-x, 1-y, 
1-z; F = 1-x, 3/2-y, -1/2+z; G = x, 3/2-y, -1/2+z.  
 
 
6.2.3 Three dimensional frameworks with TCCB and rtct-tpcb 
In Section 6.2.2, we found that the linear spacer ligands were found to 
result in interpenetrated structures which reduced the pore volume to half or 
more and hence, it would be interesting to use a bulky tetrapyridyl ligand to 
avoid interpenetration (see Scheme 6.1). The tetrahedral rtct-tpcb ligand 
previously reported from our group17 has been explored as the spacer ligand in 
this section.  





Scheme 6.1: Depicts the spacial-disposition of both the tetra-topic ligands 
rctt-TCCB and rtct-tpcb.  
 
Hence, the square-planar ligand, rctt-H4TCCB has been used in 
combination with the tetrahedral rtct-tpcb ligand to prepare four 3D CPs under 
solvothermal conditions. Of these, Co(II) and Ni(II) frameworks are 
isostructural and form a rare trinodal MOF topology whereas the Cd(II) and 
Zn(II) yield a novel new trinodal topology. The synthesis, characterization, 
structure and topological analysis are discussed in detail in these sections. 
6.2.3.1 Structural analysis of [Co2(TCCB)(rtct-tpcb)(µ-
H2O)(H2O)]∙DMF∙xH2O (6-8) 
Solvothermal reaction of aqueous Co(NO3)2 with the DMF solution of 
rctt-H4TCCB and rtct-tpcb on slow cooling yielded pink hexagonal platy 
crystals of 6-8. The compound was found to crystallize in monoclinic C2/c 
space group. Co(II) forms a dimeric unit bridged by two carboxylate anions as 
well as a water molecule. Two crystallographically distinct Co(II) ions exist in 
an octahedral coordination environment, where Co1 coordinates to two 
monodentate carboxylate, two bridging carboxylate, one pyridine N of rtct-




tpcb and a bridging water molecule. On the other hand, Co2 coordination 
sphere is satisfied by two bridging carboxylates of TCCB, two pyridine 
nitrogens of rtct-tpcb, one bridging and one terminal water molecules. 
Surprisingly, the rtct-tpcb was found to coordinate using three pyridine 
leaving the fourth pyridine ‘N’ hydrogen bonded to the lattice water molecule 
(N3∙∙∙H3SA-O3SA distance being 2.84 Å, symmetry operator of A is –x, y, 
1/2-z). The TCCB carboxylate anions coordinate to the Co(II) dimeric unit 
extend the connectivity in ab-plane whereas the tri coordinating tetrahedral 
tpcb ligand extends along the c-axis.  
a)  
b)  





Figure 6.11: The perspective view of a) the coordination environment around 
the Co(II) centre in the asymmetric unit, b) part of the 3D structure viewed 
along the b-axis and c) the 3D packing in 6-8 viewed along the c-axis.  
 
 
On simplification using TOPOS,15 the square planar TCCB forms a 
planar four connecting node; the tetrahedral rtct-tpcb converges to a three 
connecting node as one of the pyridine is non-coordinating and hanging in the 
channel; the dimeric Co(II) subunit simplifies into a seven connecting node. 
The network analysis resulted in a trinodal net with (3,4,7) connectivity with 
the point/Schlafli symbol for the whole net is {4.62}{44.62}{49.69.83} and a 
topological type of CEZZEN.  
a)  





Figure 6.12: The topological representation of structure in 6-8 a) along b-axis 
and b) along c-axis. Color codes, pink balls represent the Co(II) dimeric unit, 
orange balls represents the TCCB node and grey balls represents the rtct-tpcb 
node. 
 
As expected from the connectivity, it forms a 3D porous framework 
with large solvent accessible voids. The solvent accessible void volume was 
calculated using PLATON, displaying 53% porosity, i.e., 9193.4 Å3 of total 
17331.4 Å3. However, the structure could not retain its crystallinity on 
desolvation, when ground for doing PXRD itself makes it slightly amorphous 
as realized from the pattern. Although it is thermally stable on solvent 
exchange, the removal of solvent showed no peaks revealing the loss of 
crystallinity (see Figure 6.38). The presence of hydrogen bonded free pyridine 
moiety could possibly make the framework fragile on desolvation. 
6.2.3.2 Structural analysis of [Ni2(TCCB)(rtct-tpcb)(µ-
H2O)(H2O)]∙DMF∙xH2O (6-9) 
DMF solution of rctt-H4TCCB and rtct-tpcb reacted with aqueous 
solution of NiCl2 yielded green hexagonal crystals of 6-9. This has been found 
to crystallize in the same space group as 6-8 and found to be isostructural. The 




Ni(II) ion forms a dimeric unit and thus, the coordination geometry of Ni(II), 
TCCB and rtct-tpcb are exactly the same as that of 6-8 with porous channels 
along b- and c-axis. One pyridine of the tetrahedral tpcb was again found to 
hydrogen bond with the lattice water molecule (N∙∙∙H -O distance being 2.88 
Å).  As the connectivity remains the same, the topological analysis converged 
to the same (3,4,7) connected trinodal CEZZEN (MOF.ttd) framework with 
the same point symbol {4.62}{44.62}{49.69.83}. The solvent accessible volume 
was calculated using PLATON showing 56.95% (10253.4 Å3 out of 18004.9 
Å3) of the total volume. Regretfully, the framework could not withstand 
desolvation and became completely amorphous on solvent exchange as 
determined by PXRD patterns (see Figure 6.39).  
a)  
b)  






Figure 6.13: The perspective view of a) the coordination environment around 
the Ni(II) centre b) part of the 3D structure, c) the 3D packing in 6-9 viewed 
along the c-axis and d) the topological representation of structure along b-axis, 
color codes: green balls represent the Ni(II) dimeric unit, orange balls 
represents the TCCB node and grey balls represents the rtct-tpcb node.  
 
6.2.3.3 Structural analysis of [Cd(TCCB)(rtct-tpcb)DMF]∙3H2O (6-10) 
An aqueous solution of Cd(ClO4)2 with a DMF solution of rctt-
H4TCCB and rtct-tpcb on solvothermal reaction and slow cooling resulted in 
colorless block crystals of 6-10. It was found to crystallize in orthorhombic 
space group Pbcn. The asymmetric unit contains the whole repeating unit in 
which the Cd(II) centre occupies a pentagonal-bipyramid coordination sphere.  







Figure 6.14: The perspective view of a) the coordination environment around 
the Cd(II) centre, b) part of the 3D structure and c) the 3D packing in 6-10 
viewed along the c-axis. 
 
Bonded to the metal are two chelating carboxylates of TCCB anions, 
two pyridyl Ns of rtct-tpcb and a DMF molecule. Unlike the 6-8, 6-9, the rtct-




tpcb is tetra-coordinated in the expected tetrahedral fashion. A detailed 
analysis of connectivity is discussed along with 6-11 in the Section 6.2.3.5. 
6.2.3.4 Structural analysis of [Zn(TCCB)(rtct-tpcb)]∙DMF∙xH2O (6-11) 
DMF solution of rctt-H4TCCB and rtct-tpcb were mixed with aqueous 
solution of Zn(ClO4)2 and reacted under solvothermal conditions to obtain 
block crystals of 6-11. It was found to crystallize in the non-centrosymmetric 
space group Pna21 unlike 6-10 with two crystallographically distinct Zn(II) 
ions in the asymmetric unit. In this Zn1 exists in a tetrahedral coordination 
sphere coordinated to two carboxylates of TCCB in a monodentate fashion 
and two pyridyl N’s of rtct-tpcb, whereas the Zn2 exhibits a distorted 5-
coordinate geometry with two carboxylates of TCCB coordinating, one in 
monodentate mode and another one in chelating fashion; the other two sites 
are occupied by coordinating nitrogens of rtct-tpcb. Although it has a different 
space group, the overall connectivity of this network is similar to that of 6-10: 
Zn(II) and rtct-tpcb have distinct tetrahedral nodes and TCCB a square planar 
centre. 
a)  





Figure 6.15: The perspective view of a) the coordination environment around 
the Zn(II) centres, b) part of the 3D structure in 6-11 viewed along the c-axis. 
  
 
Figure 6.16: The comparison of simulated PXRD patterns of 6-10 and 6-11 
which depicts the isostructurality. 
 
6.2.3.5 Topological Analysis of 6-10 and 6-11 
As mentioned at the introduction, topology deals with the 
connectivities in space. In relation to CPs, topology defines structures, 
channels, pores and properties. Hence, the study on intriguing designs and 
novel molecular architectures is important in establishing structure-property 
relationships in CPs. It is a rare case where a CP has three different four 
connecting nodes (4,4,4) on simplification and leads to a novel topology with 




a Point\Schlafi symbol {4.63.82}2{42.6.83}{64.82} and the Vertex symbol is 
{4.6.6.8.6.82}2{4.4.62.8.82.82}{6.6.6.6.82.83} for 6-10 and 6-11. Interestingly, 
the net is found to be self-catenating (shortest rings catenated by shortest rings 
of the same net), and it occurs between one kind of 8-membered ring in this 









Figure 6.17: a) and b) Self catenation of the 8-membered rings in the 
framework are represented by purple and yellow colored sticks and the rest of 
the framework is shown using cyan wire frame, c) and d) topological 
representation of structure along c-axis and a-axis respectively, color codes: 
brown balls represent the Cd(II)/Zn(II), orange balls represents the TCCB 
node and blue balls represents the rtct-tpcb node. 
 
The topologies of nets are better studied using the concept of tiling 
whereby the space is partitioned into an array of generalized polyhedral. For 
example, the diamondoid (dia) net can be described in terms of adamantane-
shaped polyhedron. The regularity and exclusivity of these tiles are measured 
using transitivity number and signature of the tile. Signature of a tile is the 
record of face symbols, face symbol of a tile in the form [Mm.Nn….] where the 
tile has m faces with M sides etc.5d, 7a, 18 The vertices (p), edge (q), face (r) and 
tile (s), in combination give the transitivity number pqrs.  
For this particular net, the transitivity is 3441 and the signature of the 
single (isohedral) tile is [42.64.84]. The signature clarifies that there are two 
faces with 4-sides, 4-faces with 6-sides and 4-faces with 8-sides. The 
transitivity number, on the other hand, reported that there are three types of 
vertex, four edges and four types of faces and one type of tile. Thus, the 




topological cells are shown in a better way using 3dt as shown in the Figure 
6.19. 
a) b)  
c)  
Figure 6.18: a) and b) Perspective view of a tile with different facet class 
color coded, c) tile viewed along c-axis, color codes: purple and pink 8-sided, 
blue and green 6-sided and yellow for 4-sided face. 
  





Figure 6.19: Perspective view of the tiles in a unit cell. The tiles are all the 
same (isohedral) but shown in different colors for clarity. 
 
As expected, these non-interpenetrated novel structures are porous and 
incorporate a number of guest solvents in the lattice. Compound 6-8 and 6-9 
due to bridging water molecules and lattice water molecules might be good 
candidates for proton conducting PCPs, which is yet to study due to time, 
constrain. The solvent accessible void volume for 6-10 and 6-11 was found to 
be 44.9% and 46.9% respectively. Unfortunately, both structures could not 
retain their crystalline structures after solvent exchange and removal as 
revealed by the PXRD patterns (see Figure 6.40 and 41). 





Several novel CPs were built from square planar tetracarboxylate 
ligand, TCCB with transition as well as non-transition metal ions. Multi-
dimensional CPs were synthesized and characterized. The pillared-layer three 
dimensional CPs were interpenetrated and the pore size was tuned by using 
different length spacer ligands. Most of the structures were found to retain 
single crystallinity after solvent exchange and removal which can be used for 
gas sorption or separation due to the tunable pore size.  Tetrahedral tetratopic 
ligand rtct-tpcb was used to synthesize non-interpenetrating CPs of novel or 
rare topology. Of these the structures of 6-8 and 6-9 are isostructural pairs 
having (3,4,7) connectivity, while 6-10 and 6-11 show self catenation. All the 
structures, 6-8 to 6-11 have very high porosity, i.e., solvent accessible volume 
(45-57%), but unfortunately the structures were not maintained after the guest 
solvent was removed.  
6.4 Experimental Section 
6.4.1 X-ray Crystallography:  
Intensity data for compounds 6-1 to 6-11 were collected at 100(2) K on 
a Bruker APEX diffractometer attached with a CCD detector and graphite- 
monochromated MoKα (λ = 0.71073 Å) radiation using a sealed tube (2.4 
kW). An empirical absorption correction was applied to the data using the 
SADABS program.19 All the structures were solved by using direct methods 
and refined on F2 by full- matrix least squares procedures with SHELXTL.20 
Crystal data as well as details of data collection and refinement are 
summarized in Table 6.1 and Table 6.2. 




Table 6. 1: Crystallographic data for compounds 6-1 to 6-7. 
 
Compound 6-1 6-2 6-3 6-4 6-5 6-6 6-7 




735.63 869.48 819.40 918.54 557.87 1714.34 
Temperature (K) 90(2) 100(2) 373.12(14) 100(2) 100(2) K 293(2) K 100(2) K 
Wavelength λ, (Ǻ) 0.71073 0.71073 2.099 0.71073 0.71073 0.71073 0.71073 
Crystal System Orthorhombic Monoclinic Triclinic Triclinic Triclinic Triclinic Orthorhombic 
Space Group Pnnm P21/c Pī Pī Pī Pī Cmca 
a(Ǻ) 9.8872(16) 11.8526(7) 10.6228(2) 10.7098(8) 9.7325(7) 9.8903(9) 31.039(3) 
b(Ǻ) 11.844(2) 10.0182(5) 14.8728(5) 13.9649(11) 11.1885(7) 9.9571(8) 20.9279(18) 
c(Ǻ) 15.034(3) 14.9550(8) 15.8303(6) 14.8751(11) 11.2229(7) 13.5213(11) 12.0790(10) 
α, (deg) 90 90 70.239(3) 94.342(4) 86.619(4) 83.483(2) 90 
β, (deg) 90 90.096(3) 81.740(2) 90.162(4) 85.684(4) 79.856(2) 90 
γ, (deg) 90 90 89.486(2) 100.298(4) 85.813(4) 81.522(2) 90 
V, (Ǻ3) 1760.5(5) 1775.78(17) 2327.26(13) 2182.3(3) 1213.61(14) 1291.17(19) 7846.2(11) 
Z 2 2 2 2 1 2 4 




Dcalcd, Mg cm-3 




0.112 0.433 2.099 1.147 1.041 1.001 0.710 
Theta range for data 
collection(°) 
2.19 to 27.50° 2.19 to 27.00° 6 to 147.88° 1.37 to 26° 1.82 to 27.00° 2.08 to 27.50°. 2.05 to 27.50°. 
Reflections Collected 11674 27294 14055 32448 25007 17237 27024 
Independent 
reflections 
2095 [R(int) = 0.0373] 3880[R(int) = 0.0585] 8106[R(int) = 0.0342] 8486[R(int) = 0.0917] 
5290[R(int) = 
0.0598] 
5914 [R(int) = 
0.0377] 




2095 / 4 / 211 3880/36/322 8106/0/406 8486/0/602 5290/39/202 5914 / 7 / 411 4587 / 68 / 368 
GOF on F2 
1.217 
1.107 1.070 1.102 1.936 1.099 1.106 
Final R indies[I> 
2σ(I)]a,b 
R1 = 0.0754, wR2 = 
0.1855 
R1 = 0.0768, wR2 = 
0.2217 
R1 = 0.0591, wR2 = 
0.1608 
R1 = 0.1391, wR2 = 
0.3474 
R1 = 0.1536, wR2 = 
0.4302 
R1 = 0.0477, wR2 = 
0.1136 
R1 = 0.0530, wR2 = 
0.1277 
Final R indies (all 
data) a,b 
R1 = 0.0853, wR2 = 
0.1908 
R1 = 0.1300, wR2 = 
0.2515 
R1 = 0.0676, wR2 = 
0.1651 
R1 = 0.1615, wR2 = 
0.3575 
R1 = 0.1765, wR2 = 
0.4544 
R1 = 0.0546, wR2 = 
0.1169 
R1 = 0.0631, wR2 = 
0.1333 
Largest diff. peak and 
hole,( e.Å-3)  
0.348 and -0.302 0.439 and  -0.421 1.029 and -0.573 3.965 and -2.231 3.262 and -1.336 0.616 and -0.473 1.074 and -0.341 
 
Table 6. 2: Crystallographic data for compounds 6-8 to 6-11. 





Compound 6-8 6-9 6-10 6-11 
Empirical Formula C57.5H45.5Co2N4.5O12.5  C28.15H16N2O5Ni   
C60.5H55Cd2N5.5O11.75 C56H40N4O8Zn2 
Formula Weight 1117.34  520.94   
1271.90 1027.66 
Temperature (K) 100(2) 100(2) 100(2) 99.9(2) 
Wavelength λ, (Ǻ) 0.71073 0.71073 0.71073 0.71073 
Crystal System Monoclinic Monoclinic Orthorhombic Orthorhombic 
Space Group C2/c C2/c Pbcn Pna21 
a(Ǻ) 30.4929(8)  29.914(2)   
11.9170(4) 18.5565(3) 
b(Ǻ) 20.5713(5)  21.5109(17)   
36.4246(12) 35.1314(9) 
c(Ǻ) 29.5097(8) 29.404(2) 18.5949(6) 11.7533(5) 
α, (deg) 90.00 90 90 90 
β, (deg) 110.563(2) 107.901(3) 90 90 
γ, (deg) 90.00 90 90 90 
V, (Ǻ3) 17331.4(8) 18005(2) 8071.5(5) 7662.2(4) 
Z 8 16 4 4 




Dcalcd, Mg cm-3 
0.856 
  0.769  
1.047 0.891 
Absorption Coefficient  
μ,mm-1 
0.425 0.454 0.574 1.084 
Theta range for data 
collection(°) 
2.44 to 52° 4.06 to 50.22° 3.14 to 53° 5.38 to 133.2° 
Reflections Collected 117891 15998 129131 15727 
Independent reflections 17045[R(int) = 0.1373] 
 15998[R(int) = 0.0000]   
8362[R(int) = 0.0883] 9940[R(int) = 0.0367] 
Data[I> 2σ(I)]/ restraints/ 
parameters 
17045/25/781 15998/267/727 8362/35/350 9940/1/705 
GOF on F2 1.104 1.185 1.081 0.999 
Final R indies[I> 2σ(I)]a,b 
R1 = 0.1324, wR2 = 0.3844 
 R1 = 0.0703, wR2 = 0.1852  R1 = 0.0810, wR2 = 0.2462 
R1 = 0.0435, wR2 = 0.1105 
Final R indies (all data) a,b R1 = 0.2133, wR2 = 0.4315 R1 = 0.0995, wR2 = 0.1952 R1 = 0.1251, wR2 = 0.2806 R1 = 0.0488, wR2 = 0.1138 
Largest diff. peak and hole,( 
e.Å-3) 
1.458 and -0.844 1.233 and -0.746 1.100 and -0.614 0.260 and -0.277 
 




For structures 6-8 to 6-11, the crystal was found to lose solvent molecules 
immediately on exposing to atmosphere and hence the data wasn’t very good 
and the structures were solved and refined satisfactorily. The connectivity in 
the MOF is proved beyond any doubt despite poor data for all and poor 
agreement factors were due to the data crystals losing the solvents. 
6.4.2 Syntheses and Characterization 
Materials and General Methods. General methods and instrumentation 
details can be found in Appendix-1. The physicochemical properties of 
compounds are given in Appendix-6. 
Synthesis of [Mg(H2TCCB)(DMF)2] (6-1). An aqueous solution (8.0 ml) of 
Mg(NO3)2·6H2O (25.6 mg, 0.1 mmol) was mixed with rctt-1,2,3,4-tetrakis-(4ʹ-
carboxyphenyl)-cyclobutane (H4TCCB) (53.5 mg, 0.1 mmol) in 8 ml of DMF. 
The mixture was heated in a scintillation vial at 120 °C for 2 days to obtain 
colorless hexagonal block crystals on slow cooling. Yield = 80%. 1H-NMR δH 
(300 MHz, DMSO-d6, ppm), 8.03 (1H, s, DMF proton), 7.70 (8H, d, phenyl 
protons), 7.33 (8H, d, phenyl protons), 4.71 (4H, s, cyclobutane protons), 2.72 
and 2. 88 (6H, s, methyl protons of DMF). Elemental analysis, (%) Found: C, 
64.23; H, 4.75; N, 4.03 Calcd for MgC38N2H36O10: C, 64.7; H, 5.14; N, 3.97. 
TGA showed a weight loss starting around 260 °C, which corresponded to the 
loss of two DMF molecules, followed by decomposition (calculated = 20.7%, 
observed = 21.1%).  
Synthesis of [Mn(H2TCCB)(DMF)2] (6-2). An aqueous solution (8.0 ml) of 
Mn(NO3)2·4H2O (25.1 mg, 0.1 mmol) was mixed with rctt-1,2,3,4-tetrakis-(4ʹ-
carboxyphenyl)-cyclobutane (H4TCCB) (53.5 mg, 0.1 mmol) in 8 ml of DMF. 
The mixture was heated in a scintillation vial at 120 °C for 2 days to obtain 




colorless hexagonal block crystals on slow cooling. Yield = 20%.1H-NMR δH 
(300 MHz, DMSO-d6, ppm), 8.03 (1H, s, DMF proton), 7.70 (8H, d, 
phenylprotons), 7.33 (8H, d, phenyl protons), 4.71 (4H, s, cyclobutane 
protons), 2.72 and 2. 88 (6H, s, methyl protons of DMF). Elemental analysis, 
(%) Found: C, 62.36; H, 5.51; N, 3.72 Calcd for MnC38N2H36O10: C, 62.04; H, 
4.93; N, 3.81. TGA showed a weight loss starting around 240 °C, which 
corresponded to the loss of two DMF molecules (calculated = 19.8%, 
observed = 19.9%), followed by decomposition.  
Synthesis of [Zn2(TCCB)(dps)(H2O)]∙DMF∙2H2O (6-3). An aqueous 
solution (8.0 ml) of Zn(NO3)2·6H2O (59.4 mg, 0.2 mmol) was mixed with rctt-
1,2,3,4-tetrakis-(4ʹ-carboxyphenyl)-cyclobutane (H4TCCB) (53.5 mg, 
0.1mmol) and 4,4ʹ – Dipyridyldisulfide (AT) (22.0 mg, 0.1 mmol) in 8 ml of 
DMF. The mixture was heated in a scintillation vial at 80 °C for 3 days to 
obtain colorless block crystals on slow cooling. Yield = 54%. 1H-NMR δH 
(300 MHz, DMSO-d6, ppm), 8.9 (4H, d, pyridyl protons), 8.21 (4H, d, pyridyl 
protons), 7.9 (1H, s, DMF proton), 7.70 (8H, d, phenylprotons), 7.33 (8H, d, 
phenyl protons), 4.71 (4H, s, cyclobutane protons), 2.72 and 2. 88 (6H, s, 
methyl protons of DMF). Elemental analysis, (%) Found: C, 55.57; H, 4.01; 
N, 4.90 Calcd for Zn2C45N3H39O11S: C, 55.23; H, 4.22; N, 4.29. TGA showed 
mutiple weight loss starting below 100 °C to 250 °C, which corresponded to 
the loss of three water molecules a DMF molecule, calculated = 11.1% and 
observed percentage is 11.3%, followed by decomposition at 260 °C. 
Synthesis of [Zn2(TCCB)(bpy)]∙DEF (6-4). An aqueous solution (4.0 ml) of 
Zn(NO3)2·6H2O (59.4 mg, 0.2mmol) was mixed with rctt-1,2,3,4-tetrakis-(4ʹ-
carboxyphenyl)-cyclobutane (H4TCCB) (53.5 mg, 0.1 mmol) and 4,4ʹ - 




bipyridine (bpy) (15.6 mg, 0.1 mmol) in 8 ml of DEF. The mixture was heated 
in a scintillation vial at 90 °C for 2 days to obtain colorless block crystals on 
slow cooling. Yield = 65%. 1H-NMR δH (300 MHz, DMSO-d6, ppm), 9.09 
(4H, d, pyridyl protons), 8.45 (4H, d, pyridyl protons), 7.98 (1H, s, DEF 
proton), 7.70 (8H, d, phenylprotons), 7.33 (8H, d, phenyl protons), 4.71 (4H, s, 
cyclobutane protons), 3.1 – 3.2 (10H, m, methyl protons of DEF). Elemental 
analysis, (%) Found: C, 60.83; H, 3.72; N,4.46 Calcd for Zn2C47N3H39O9: C, 
61.32; H, 4.27; N, 4.56. TGA showed that the structure is stable up to 300 °C 
without any weight loss, after which the DEF removal (calculated = 10.9%) is 
immediately followed by the decomposition.  
Synthesis of [Zn2(TCCB)(bpe)]∙DMF (6-5). An aqueous solution (8.0 ml) of 
Zn(NO3)2·6H2O (59.4 mg, 0.2 mmol) was mixed with rctt-1,2,3,4-tetrakis-(4ʹ-
carboxyphenyl)-cyclobutane (H4TCCB) (53.5 mg, 0.1 mmol) and 1,2- bi(4ʹ- 
pyridyl) ethylene (bpe) (18.2 mg, 0.1 mmol) in 8 ml of DMF. The mixture was 
heated in a scintillation vial at 120 °C for 2 days to obtain colorless block 
crystals on slow cooling. Yield = 37%. 1H-NMR δH (300 MHz, DMSO-d6, 
ppm), 8.97 (4H, d, pyridyl protons), 8.25 (4H, d, phenyl protons), 8.03 (1H, s, 
DMF proton),  7.94 (2H, s, -CH=CH-), 7.70 (8H, d, phenylprotons), 7.33 (8H, 
d, phenyl protons), 4.71 (4H, s, cyclobutane protons), 2.72 and 2. 88 (6H, s, 
methyl protons of DMF). Elemental analysis, (%) Found: C, 59.96; H, 4.03; 
N, 5.33 Calcd for Zn2C47N3H37O4: C, 60.56; H, 4.47; N, 5.67. TGA showed a 
weight loss starting around 240 °C, which corresponded to the loss of a DMF, 
calculated = 7.9% and observed percentage is 8.9, followed by decomposition 
at 325 °C. 




Synthesis of [Zn2(TCCB)(bpmh)]∙DMA∙2H2O (6-6). An aqueous solution 
(8.0 ml) of Zn(NO3)2·6H2O (59.4 mg, 0.2 mmol) was mixed with rctt-1,2,3,4-
tetrakis-(4ʹ-carboxyphenyl)-cyclobutane (H4TCCB) (53.5 mg, 0.1 mmol) and 
N,Nʹ-bis-(4-pyridyl) methylene hydrazine (bpmh) (18.2 mg, 0.1 mmol) in 8 ml 
of DMA. The mixture was heated in a scintillation vial at 90 °C for 3 days to 
obtain yellow block crystals on slow cooling. Yield = 76%. 1H-NMR δH (300 
MHz, DMSO-d6, ppm), 9.05 (4H, d, pyridyl protons), 8.79 (2H, s, CH 
protons), 8.35 (4H, d, pyridyl protons), 7.69 (8H, d, phenyl protons), 7.32 (8H, 
d, phenyl protons), 4.71 (4H, s, cyclobutane protons), 2.72 and 2.88 (6H, s, 
methyl protons of DMA), 1.95 (3H, s, DMA proton). Elemental analysis, (%) 
Found: C, 55.39; H, 4.57; N, 7.74 Calcd for Zn2C26N3H28O7: C, 55.77; H, 
5.04; N, 7.5. TGA showed a weight loss of 6.3% which corresponded to the 
loss of two water molecules (calculated = 6.4%) and another weight loss of 
16.0% which corresponded to a DMA molecule, calculated = 15.6% followed 
by decomposition at 290 °C. 
Synthesis of [Co3(TCCB)2(DABCO-H+)2(H2O)2]∙2DMF∙4H2O (6-7). An 
aqueous solution (8.0 ml) of Co(NO3)2·6H2O (58.2 mg, 0.2 mmol) was mixed 
with rctt-1,2,3,4-tetrakis-(4ʹ-carboxyphenyl)-cyclobutane (H4TCCB) (53.5 
mg, 0.1 mmol) and 1,4-diazabicyclo[2.2.2]octane (DABCO) (11.2 mg, 0.1 
mmol) in 8 ml of DMF. The mixture was heated in a scintillation vial at 90 °C 
for 3 days to obtain pink hexagonal block crystals on slow cooling. Yield = 
41%. 1H-NMR δH (300 MHz, DMSO-d6, ppm), 7.9 (1H, s, DMF proton), 7.69 
(8H, d, phenyl protons), 7.33 (8H, d, phenyl protons), 4.71 (4H, s, cyclobutane 
protons), 3.55 (12H, s, DABCO protons), 2.70 and 2.88 (6H, s, methyl protons 
of DMF). Elemental analysis, (%) Found: C, 57.00; H, 4.94; N, 5.32 Calcd for 




Co3C82N6H92O24: C, 57.18; H, 5.38; N, 4.88. TGA showed a weight loss of 
11.1% from 140 °C to 220 °C corresponded to the weight loss of two 
coordinated water molecules and two lattice DMF molecules, calculated = 
10.6%, followed by decomposition. 
Synthesis of [Co2(TCCB)(rtct-tpcb)(µ-H2O)(H2O)]∙DMF∙2H2O (6-8). An 
aqueous solution (8.0 ml) of Co(NO3)2·6H2O (58.2 mg, 0.2 mmol) was mixed 
with rctt-1,2,3,4-tetrakis-(4ʹ-carboxyphenyl)-cyclobutane (H4TCCB) (53.5 
mg, 0.1 mmol) and regio trans cis trans – tetrapyridylcylobutane (rtct-tpcb) 
(36.4 mg, 0.1 mmol) in 8 ml of DMF. The mixture was heated in a 
scintillation vial at 85 °C for 3 days to obtain pink hexagonal block crystals on 
slow cooling. Yield = 27%. 1H-NMR δH (300 MHz, DMSO-d6, ppm), 8.9 (8H, 
d, pyridyl proton), 8.04 (8H, d, phenyl protons), 7.70 (8H, d, pyridyl protons), 
7.34 (8H, d, phenyl protons), 4.72 (4H, s, cyclobutane protons), 4.54 (4H, s, 
cyclobutane protons), 2.70 and 2. 88 (6H, s, methyl protons of DMF). The 
crystals of 6-8 were exchanged with methanol and the heated to get desolvated 
crystals 6-8ʹ. Elemental analysis, (%) Found: C, 60.60; H, 4.93; N, 5.04 Calcd 
for CoC56N4H52O14: C, 59.9; H, 4.67; N, 4.99. TGA on the desolvated 
compound only showed some weight loss of the lattice water molecules and 
the structure was found to be stable up to 300 °C.  
Synthesis of [Ni2(TCCB)(rtct-tpcb)(µ-H2O)(H2O)]∙DMF∙xH2O (6-9). An 
aqueous solution (8.0 ml) of NiCl2·6H2O (47.54 mg, 0.2 mmol) was mixed 
with rctt-1,2,3,4-tetrakis-(4ʹ-carboxyphenyl)-cyclobutane (H4TCCB) (53.5 
mg, 0.1 mmol) and regio trans cis trans – tetrapyridylcylobutane (rtct-tpcb) 
(36.4 mg, 0.1 mmol) in 8 ml of DMF. The mixture was heated in a 
scintillation vial at 100 °C for 2 days to obtain pale green leaf like crystals on 




slow cooling. Yield = 35%. 1H-NMR δH (300 MHz, DMSO-d6, ppm), 8.9 (8H, 
d, pyridyl proton), 8.04 (8H, d, phenyl protons), 7.70 (8H, d, pyridyl protons), 
7.34 (8H, d, phenyl protons), 4.72 (4H, s, cyclobutane protons), 4.54 (4H, s, 
cyclobutane protons), 2.70 and 2.88 (6H, s, methyl protons of DMF). The 
crystals of 6-10 was exchanged with methanol and the heated to get desolvated 
crystals 6-10ʹ, yellowish green in color but exposure to air the color was found 
to immediately change showing its affinity for moisture. Elemental analysis, 
(%) Found: C, 57.54; H, 4.74; N, 4.80 Calcd for Ni2C56H56N4O16: C, 58.06; H, 
4.87; N, 4.84. TGA on the desolvated compound only showed some weight 
loss of the lattice water molecules and the structure was found to be stable 
upto 300 °C. 
CAUTION! Although we did not encounter any untoward incidents, perchlorate 
metal salts are potentially explosive and should be handled in small quantities. 
Synthesis of [Cd(TCCB)(rtct-tpcb)DMF]∙DMF∙3H2O (6-10). An aqueous 
solution (8.0 ml) of Cd(ClO4)2·xH2O (62.26 mg, 0.2 mmol) was mixed with 
rctt-1,2,3,4-tetrakis-(4ʹ-carboxyphenyl)-cyclobutane (H4TCCB) (53.5 mg, 0.1 
mmol) and regio trans cis trans – tetrapyridylcylobutane (rtct-tpcb) (36.4 mg, 
0.1 mmol) in 8 ml of DMF. The mixture was heated in a scintillation vial at 
120 °C for 3 days to obtain colorless block crystals on slow cooling. Yield = 
45%. 1H-NMR δH (300 MHz, DMSO-d6, ppm), 8.9 (8H, d, pyridyl proton), 
8.04 (8H, d, phenyl protons), 7.70 (8H, d, pyridyl protons), 7.34 (8H, d, 
phenyl protons), 4.72 (4H, s, cyclobutane protons), 4.54 (4H, s, cyclobutane 
protons), 2.70 and 2.88 (6H, s, methyl protons of DMF). The crystals of 6-9 
were exchanged with methanol and heated to get desolvated crystals 6-9ʹ. 
Elemental analysis, (%) Found: C, 53.40; H, 3.38; N, 4.01 Calcd for 




CdC28N2H20O8: C, 53.82; H, 3.23; N, 4.48. TGA showed some weight loss of 
the lattice water molecules and another weight loss corresponded to two DMF 
molecules and three water molecules (calculated = 15.7% and observed = 
14.2%) the structure was found to be stable up to 300 °C.  
Synthesis of [Zn(TCCB)(rtct-tpcb)]∙DMF∙xH2O (6-11). An aqueous solution 
(8.0 ml) of Zn(ClO4)2·6H2O (74.52 mg, 0.2 mmol) was mixed with rctt-
1,2,3,4-tetrakis-(4ʹ-carboxyphenyl)-cyclobutane (H4TCCB) (53.5 mg, 0.1 
mmol) and regio trans cis trans – tetrapyridylcylobutane (rtct-tpcb) (36.4 mg, 
0.1 mmol) in 8 ml of DMF. The mixture was heated in a scintillation vial at 
110 °C for 2 days to obtain colorless block crystals on slow cooling. Yield = 
36%. 1H-NMR δH (300 MHz, DMSO-d6, ppm), 8.9 (8H, d, pyridyl proton), 
8.04 (8H, d, phenyl protons), 7.70 (8H, d, pyridyl protons), 7.34 (8H, d, 
phenyl protons), 4.72 (4H, s, cyclobutane protons), 4.54 (4H, s, cyclobutane 
protons), 2.70 and 2. 88 (6H, s, methyl protons of DMF). The crystals of 6-11 
was exchanged with methanol and then heated to get desolvated crystals 6-11ʹ, 
yellowish green in color but exposure to air the color was found to 
immediately change showing its affinity for moisture. Elemental analysis, (%) 
Found: C, 59.42; H, 4.25; N, 5.01 Calcd for ZnC28H20N2O8: C, 58.2; H, 3.49; 
N, 5.01. TGA on the desolvated compound only showed some weight loss of 
the lattice water molecules and the structure was found to be stable up to 300 
°C.  
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Preface to Chapters 7 and 8 
As discussed in Chapter 1, solid-state reactivity of organic as well as 
inorganic compounds is of increased interest in the context of crystal 
engineering as one should be able to control or manipulate the reactivity and 
hence the stability of solid-state materials for various applications. 
Photochemical reactivity of the double bond containing ligands present in CPs 
and thermal reversibility of the cyclobutane product were studied in detail for 
an asymmetric olefin ligand containing CPs in Chapter 4. We attempted to 
investigate the thermal reactivity of a dimerised 1D CP 3-4 in Chapter 3; 
interestingly it was observed to undergo isomerization in the solid-state much 
below its decomposition temperature. It was noticed that the cyclobutane (rctt-
tpcb) rings in 3-4 ladder CP to undergo isomerization to rtct-tpcb in solid-state 
(details are given in Appendix 7). There are some literature available dealing 
with the cleavage of cyclobutane rings in the solid-state and the 
photodimerisation can be reversed for a few organic solids30 and a metal-
organic compound.31 Recently our group reported a polymerization- 
depolymerisation reaction and thermal reversibility of cycloaddition in CPs.31a 
Hence we would like to investigate reversible cleavage/isomerization reaction 
in the well-known cyclobutane derivative rctt-tpcb itself first; the details are 
described in Chapter 7. Further we have also synthesized a number of 
thermally stable network solids of selected s-block metal ions of rctt-cbtc 
ligands and investigated their thermal behavior. Chapter 8 contains the results 
of this investigation. In both cases, unprecedented solid-state isomerization of 
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Crystal engineering deals with the non-covalent interactions in the 
context of building crystalline materials from molecules or ions.1  Research in 
crystal engineering has now fairly matured and is shifting its focus from 
making elegant structures to exploiting the structure-function-property 
relationships.2 The tools in crystal engineering have also been used to design 
reactive solids as solid-state reactivity can be controlled by the way it is 
packed, utilizing the ensemble of supramolecular interactions.1j-l, 1n, 2e-h, 3 
Solid-state [2+2] cycloaddition reaction is among the major interests of 
chemists for a long time.1j-l, 1n, 2a, 2d-h, 4 The highest possible atom economy can 
be attained through solid-state reactions which are highly desirable for solvent 
free and environmentally benign synthesis of organic molecules.5  This has 
been realized several decades ago by Schmidt and his coworkers. Their 
classical work on photochemical solid-state reactions of substituted trans-
cinnamic acids (detailed in Chapter 1) and related alkene derivatives laid 
foundations to solid-state organic photochemistry and brought the meaning of 
crystal engineering for the first time.1j, 1k, 1n, 6 
Cyclobutane derivatives have been found to be very important starting 
materials for many cyclic and acyclic systems. The solid-state organic 
photochemistry has opened the door to easy accessibility for a number of 
highly stereo-selective cyclobutane derivatives which are otherwise difficult to 
obtain by usual solution methods.2a, 2d, 4a Of these, trans-1,2-bis(4´-pyridyl) 
ethylene (bpe) is one of the well-studied alkenes to synthesize tetrakis(4-
pyridyl)cyclobutane (tpcb) by photochemical route.2c, 2d This cyclobutane 




derivative can exist in four isomers, namely rctt, rtct, rcct and rccc as 
discussed in Chapter1, shown in Figure 7.1. However, almost all the solid-
state [2+2] cycloaddition reactions of bpe have yielded exclusively the rctt 
isomer.2c, 2d, 7 There are some reports available on partial in situ isomerization 
in the solid-state,3c, 3f, 3g, 3i, 3j, 8 but to date it has been a challenge to synthesize 
the tetrahedrally oriented rtct isomer cleanly in the solid-state.  
 
Figure 7.1: The regioisomers of tetra(4-pyridyl)-cyclobutane and 
unimolecular isomerization of rctt  to rtct. 
 
 A few cyclobutane derivatives can be cleaved photochemically or 
thermally to the corresponding alkenes,3a, 3b  in the solid-state but 
isomerization has never been observed so far, except partial isomerization 
observed in a cyclobutane tetraester when heated after the decomposition 
temperature.2f, 3c, 3f, 3g, 3i, 3j On the other hand, thermal rearrangements like cis-
trans isomerism and linkage isomerism have been well-studied in the solid-
state.3d, 3e, 3h In this contribution, we present the solid-state thermal 
isomerization of rctt-tpcb (7-1) to rtct-tpcb in ~100% yield and this 
conversion appears to proceed through an oxygen-initiated free radical chain 
mechanism as predicted by theoretical calculations and supported by the ESR 
spectroscopy.  
A reaction in crystalline state depends on the pre-organization of the 
reaction cavity which can facilitate the reaction. Both thermal and 




photochemical reactions were found to occur with topochemical control.1b, 9 
The solid-state reactions can be unimolecular or bimolecular, where 
unimolecular reaction proceeds with least atomic movement and bimolecular 
reactions rely on the interactions and three dimensional packing.1i, 9b, 10 Further 
reactions in solids can undergo large changes and proceed through a number 
of processes, including amorphization and reconstructive phase 
transformations. Solid-state unimolecular reactions which differ from solution 
state greatly enhance the impact of crystal engineering and the synthetic 
potential of solid-state reactivity studies; it gives a new outlook to the 
structure-reactivity relationships.11 A comprehensive study of the different 
types of solid-solid reactions of both photo and thermally induced 
denitrogenation of various triazoline crystals has been recently published by 
de Loera et al where they showed that solid to solid reaction can proceed 
through a metastable crystalline phase11d or a reconstructive phase transition 
depending on the reaction temperature as well as the eutectic temperature of 
reactant and product.9 In order to have more insights into the solid-solid 
transformation, this isomerization has been examined by PXRD studies. The 
results have been discussed in conjunction with other studies.   
7.2 Results and Discussion 
7.2.1 Synthesis and Reactivity of 7-1 
 The block type crystals of 7-1 were synthesized by neutralizing the 
trifluoroacetate (TFA) salt of rctt-tpcb with NaOH.4a The thermogravimetry 
(TG) of the crystalline solid 7-1 shows no weight loss until it starts 
decomposing from 240 °C in air (see Figure 7.16). When heated to 190 °C, the 




colorless powder changed to brown. The 1H-NMR spectrum in CDCl3 of this 
heated powder at 190 °C for 12 h in air revealed the formation of rtct-isomer 
with the complete disappearance of a singlet at 4.46 ppm due to cyclobutane 
protons of the rctt-isomer and the appearance of 3.71 due to the rtct-isomer 
(Figure 7.2). The corresponding shifts in the two pyridyl protons from 8.43 
and 6.99 ppm to 8.60 and 7.17 ppm are also evidenced in Figure 7.2. Thus, 
complete conversion of the rctt-isomer to the rtct-isomer is confirmed.    
 
Figure 7.2: 1H-NMR spectra in CDCl3 showing conversion of the rctt-tpcb to 
rtct-tpcb by heating 7-1 in air. 
 
The observed quantitative conversion of the well-known rctt-tpcb (7-1) 
isomer to the less common rtct-tpcb isomer without observation of any 
intermediate or side product is highly intriguing. It is well established that 
isomerization of TFA salt of 7-1 from the rctt isomer to the rtct isomer in 
solution is a unimolecular reaction involving the rcct isomer as an 
intermediate through a base-catalyzed pyridyl-flipping mechanism (Figure 




7.1).4a, 12 Indeed, when 7-1 was heated in either DMSO or DMF solution at 
200 °C (see Figures 7.17 and 7.18), the rcct isomer was observed as an 
intermediate; e.g. heating of 7-1 at 200 °C for 31 h in DMF solvent yielded 
only 74.5% of isomerized product of which 29.7% is the rcct isomer and the 
rest rtct isomer. 
7.2.2 Crystal Packing Analysis in 7-1 
Keeping in mind that solid-state reactivity can be controlled by crystal 
packing, we took a close inspection of the crystal structure of rctt-tpcb and 
found a unique packing of rctt-tpcb units. The key findings are: (1) The 
cyclobutane rings are packed in ac-planes (Figure 7.3) and stacked in the b-
direction (Figure 7.3). (2) Along the c-direction, the repeating unit consists of 
two inversely orientated rctt-tpcb molecules (Figure 7.3a). (3) The separation 
of rctt-tpcb molecules along the c-direction, measured as the distance between 
two carbon atoms highlighted in Figure 7.3 is 7.02 Å, less than twice the 
maximum distance allowed for solid-state reaction (i.e. 8.4 Å).1b 
a)  





Figure 7.3: a) A close view of the relative orientations of the rctt-tpcb (7-1) 
molecules along the c-direction with a glide plane and b) Stacking of the rctt-
tpcb molecules in the ac-plane. In the absence of strong intermolecular 
interactions weak forces like π···π, C-H···π and C-H···N interactions direct 
the packing (see Figure 7.14). The hydrogen atoms are not shown for clarity. 
 
7.2.3 ESR and Thermo-Analytical Studies.  
Other studies were carried out looking for the reason and mechanism 
of the reactivity in detail. Under the experimental thermal conditions, cleavage 
of cyclobutane via cyclo-reversion is symmetry forbidden. A more likely 
reaction route is via radical intermediates.  
Compound 7-1 initially displayed no electron spin resonance (ESR) 
spectrum at room temperature. However, when a solid sample of 7-1 was 
heated to 190 °C inside an ESR tube, a single line signal with g = 2.0043 was 
detected as shown in Figure 7.4. The ESR signal persisted, although was 
weaker in intensity even after the sample was cooled to room temperature after 
approximately five minutes. The EPR results provide strong support for the 
theoretical calculations (see section 7.2.6) which predict the formation of a 








Figure 7.4: EPR spectra of solid sample of rctt-tpcb a) measured at 190 °C (in 
black) and b) measured at room temperature after cooling (in red). Modulation 
amplitude = 1.0 G, sweep time = 30 seconds, microwave power = 20 mW. 
   





Figure 7.5: The DSC runs of rctt-tpcb (7-1) in air and nitrogen atmospheres. 
 
 
The differential scanning calorimetry (DSC) experiment was carried 
out on 7-1 to monitor phase changes before the decomposition temperature. 
The DSC recorded at a heating rate of 10 °C min-1 in air and a sample size of 4 
mg in air shows a small exothermic peak with the inception at 200 °C which 
peaks at 225 °C immediately followed by a large endotherm due to melting.13 
On the other hand, this exotherm disappears when the experiment is carried 
out under nitrogen atmosphere as shown in Figure 7.5. Moreover, the 
endothermic peak shifts from 235 °C to 264 °C under nitrogen. The 
simultaneous TG-DTA of 7-1 under nitrogen shows that it starts decomposing 
from 277 °C (Figure 7.19) and thus confirming that the cyclobutane rings 
become unstable above this temperature. Interestingly, the 1H-NMR spectrum 
of the solid obtained in air from DSC run after the melt dissolved in CDCl3 
shows the presence of 1.78% of rcct, 2.46% of bpe and 1.73% of unreacted 
rctt-isomer in addition to the expected 94.03% rtct isomer (Figure 7.20). The 
formation of the undesired side products could be due to melting of sample 
and insufficient air in the confined atmosphere. Furthermore, the 1H-NMR 




spectrum of the sample isolated after heating 7-1 up to 265 °C in nitrogen 
atmosphere shows the presence of rctt, rtct and rcct isomers as well as bpe in 
the ratio of 18.43, 22.20, 25.39 and 33.97, respectively (Figure 7.21). This 
strongly confirms the influence of oxygen on the formation of isomerization 
products. As mentioned earlier, the heated sample of 7-1 at 190 °C for 12 h in 
open air provided rtct-isomer exclusively.  
 Indeed, in the presence of air or oxygen, the isomerization leads to the 
formation of ~100% pure rtct-isomer (Figure 7.6) whereas in the absence of 
air (i.e. presence of argon/N2) a small amount of bpe monomer has been 
observed (see Figure 7.22). It was also noticed that the XRPD pattern of 7-1 
completely changed after heating to 100% rtct-tpcb and once recrystallized in 
MeOH the phase is again changed, but now it matches exactly with that of the 
pure rtct-tpcb crystals (Figure 7.7). When the single crystals are heated to 190 
°C, it is observed that rtct-isomer formed as brown powder on the surfaces and 
corners of the single crystals (see Figure 7.15).  
 
Figure 7.6: 1H-NMR spectra in CDCl3 of sample 7-1 at 190 °C in air recorded 
at different intervals of time.  





Figure 7.7: The PXRD patterns of rctt isomer and rtct isomer obtained at 
different conditions. 
 
This observation indicates that the isomerization does not proceed 
through single-crystal to single-crystal manner and solid solution is not formed 
in this process. This clearly indicates that a metastable phase of the rtct- 
isomer is produced immediately after heating and hence a phase analysis and 
pattern fitting was done for the VT-PXRD patterns. The strain engendered 
during the transformation might induce the mismatch between the product and 
the reactant environment and thus makes it heterogeneous in nature.1b, 1i, 9b, 10a 
7.2.4 Powder X-Ray Diffraction Studies 
The variable-temperature powder X-ray diffraction (VT-PXRD) 
patterns of 7-1 in air (Figure 7.8) show that the diffraction pattern starts 
changing drastically from 175 °C and completed at 195 °C.  The formation of 
new peaks at 2θ = 11.7, 15.0, 18.4, 19.4, 19.9, 25.5, 29.1° for example, and 
disappearance of peaks at 2θ = 11.2, 12.8, 16.6, 18.8, 20.6, 21.6, 22.5° for 




example, indicate the occurrence of the isomerization process which is 
consistent with the observation from the DSC studies.  
 
Figure 7.8: The VT-PXRD plots for the rctt tpcb (7-1) in air shows the 
disappearance and appearance of new peaks at 195 °C. 
 
The progress of the reaction was monitored by real-time in situ PXRD 
techniques. The sample was first heated up in air up to 195 °C. The diffraction 
patterns show no change during the heating ramp. Then the sample was kept at 
195 °C for 5 hours and 120 diffraction patterns collected. (See Figure 7.26 
gives an overview of the patterns collected during the holding time.) No 
visible changes occur during the first 35 min. Then a rapid transition occurs 
which is completed after roughly about 60 min. The transition period (40 min 
to 60 min) is captured in Figure 7.9. First, the reflections of the starting phase 
decrease and an amorphous phase is formed which peaks at minute 52.5. Then 
reflections of the reaction product increase and both amorphous phase and 
starting material rapidly decrease. The amount of amorphous material was 
monitored using the degree of crystallinity method, where the area under 




crystalline reflections and amorphous humps are integrated (see Figure 7.27). 
Throughout the first 30 min the amorphous content stays at roughly 5%.  
 
Figure 7.9: PXRD patterns of 7-1 collected during the transition period. 
 
At minute 35 it starts to increase reaching its maximum value of 70% at 
minute 52.5 and then rapidly decreasing as the product forms. After minute 
62.5 it stays constant at a value of 20%, considerable higher than the initial 
value of 5%.   
 
Figure 7.10: Illustration of the degree of crystallinity method. Pattern at 
minute 52.5 with maximum amorphous content chosen. 
 




These observations are best consistent with the scenario that first an 
amorphous intermediate is formed which further reacts to the final product 
(Figure 7.10). A topotactic reaction or even a reconstructive phase 
transformation with little amorphous content is hard to reconcile with the 
PXRD observations. 
It was interesting to observe that the reaction is clean and resulted in 
100% product in air, i.e. oxygen is involved in the kinetics of the reaction and 
it occurs via a radical intermediate. The radical seems to be a stable species 
with long life-time and the reaction undergoes through an amorphous phase 
and leads to metastable crystalline phase or a reconstructive phase 
transformation.  
 Ring opening of cyclobutane derivatives upon thermal activation for 
the isomerization and cyclo-reversion has been extensively investigated in the 
early 1960s.2f, 3f, 3g, 3i, 8 But none of these showed any control over the products 
formed. The high degree of selectivity in this solid-state reaction resulted from 
the crystal packing. It appears to be unlikely that the densely packed crystal 
would undergo such a unimolecular isomerization which requires flipping of 
the pyridyl groups. Further the distinctively different reaction courses in 
solution and in solid-state likely to suggest that the closely packed crystal 
environment induces a different reaction mechanism from the unimolecular 
isomerization in solution. 
7.2.5 Bimolecular v/s Unimolecular Mechanism Studies 
Hence, a bimolecular reaction mechanism facilitated by the crystal 
packing was put forward at first (Scheme 7.1). The cyclobutane ring on 
receiving enough energy gets cleaved at one of the C-C bonds to form a 




diradical species.  The diradical intermediate formed has two options to 
stabilize; by cleaving back to the monomer or flipping and joining back to 
form the other isomer.14 The rtct-isomer product being the most energetically 
stable is more preferred compared to the monomer, thus a close proximity and 
right orientation might help the formation of the rtct-isomer in this case with 
ease. This well defined reaction cavity helps the anisotropic cooperative 
movements of adjacent molecules in the solid-state.1i, 5a, 5b Thus, the more rigid 
the template, the more predictable is the topochemical product.3f, 5d   
 
Scheme 7.1: The schematic representation is shown for the proposed 
topochemical isomerization of rctt-tpcb to rtct-tpcb. The parts of the 
cyclobutane ring which can be cleaved and recombined to form the rtct isomer 
are shown in different color. 
 
As stated above, we initially hypothesized the isomerization reaction 
proceeded via a biomolecular topochemical reaction as shown in Scheme 7.1, 
based on the observation of the unique crystal structure of rctt-tpcb. In 
addition, three more computational results supporting (see section 7.5.3) the 
possibility of such an isomerization, namely the thermodynamic stability of 
the rtct-tpcb isomer, the strong interaction between neighboring cyclobutane 
units and the possibility of initiating a radical chain reaction by molecular 
oxygen as outlined below. However, after further experimental study, we 
abandoned this hypothesis in favor of a unimolecular isomerization. More 




details and theoretical calculations on this bimolecular mechanism are given 
after the experimental section under 7.5.3.    
7.2.5.1 ESI-MS Crossover Experiments 
In order to substantiate the hypothesis for the isomerization 
mechanism, crossover experiments were carried out. For this purpose, partial 
deuteration of pyridyl groups of rctt-isomer, 7-1∙D16 was first synthesized (see 
section 7.5.4 for details) and fingerprinted by ESI-MS. Then 7-1 and 7-1.D16 
were co-crystallized in the ratio of 1:1. The ESI- MS shows peaks for 7-1 at 
m/z 365 and for the isotopomer 7-1∙D16 at 381 m/z. However, the resultant 
‘co-crystal’ did not yield in the expected 1:1 ratio as indicated by the 1H-NMR 
and ESI-MS data which might be due to the deuterium scrambling, although 
there are only three equivalent positions available.15 The isotopic MS pattern  
was corrected for the 13C abundance and the percentages of the deuteration 
was calculated according to literature reports.16 The percentage of the 
isotopomers for each m/z was related to the percentage deuteration as below. 
rctt-tpcb – D10 = 4.75, rctt-tpcb – D11 = 9.23, rctt-tpcb – D12 = 16.5, rctt-tpcb – 
D13 = 21.0, rctt-tpcb – D14 = 6.95, rctt-tpcb – D15 = 10.28, rctt-tpcb – D16 = 
26.54 and rctt-tpcb – D17 = 4.64, rest of the peaks are negligible. On heating, 
the crystal was found to turn brown as expected which was later characterized 
by 1H-NMR and ESI–MS.  





Scheme 7.2: The schematic diagram showing the crossover experiments 
leading to two possible reaction pathways. 
 
As shown in Scheme 7.2, if the solid-state reaction goes through a 
chain mechanism in a bimolecular pathway, i.e., the neighboring cyclobutane 
rings cleave and then recombine, the product should be 7-2∙D8 (with m/z 373) 
using a mixture of 7-1 (with m/z 365) and 7-1∙D16 (with m/z 381). On the other 
hand, if it has to undergo a unimolecular reaction, the products will be 7-2 
(with m/z 365) and 7-2∙D16 (with m/z 381). Interestingly, the ESI-MS analysis 
showed the same m/z values with similar intensity ratios (Figure 7.11). It was 
also understood from a time dependent 1H-NMR that even the isotopomer 
mixed crystal after heating at different time variable gives cleanly the rtct 
isomer (Figure 7.12 and Figure 7.36).  





Figure 7.11: Mass spectrum for the ‘cocrystal’ of the rctt tpcb and rctt tpcb 
D16 before and after heating, the intensity and the m/z peaks were found to be 
the same after heating. 
 
Figure 7.12: 1H-NMR spectral data of the‘cocrystal’of the natural abundance 
and partially deuterium enriched pyridyl groups of tpcb (bottom) and after 
heating (top). 
 




Thus, from this crossover experiment, it is unambiguously clear that 
the mechanism is not of bimolecular nature as initially proposed suggesting 
otherwise that it might be a crystal packing influenced unimolecular reaction.  
7.2.6 DFT Calculations 
Based on the various experimental evidences, we have investigated the 
reaction mechanism of the solid-state isomerization of rctt-tpcb 
computationally using DFT calculations. The isotopic labeling experiment 
clearly demonstrated that the cyclobutane units do not cleave and recombine 
in a topochemical reaction. In addition, the EPR experiment and the study on 
oxygen effect indicated that the isomerization reaction involves molecular 
oxygen as initiator and radical intermediate. Based on these key experimental 
findings, we examined various possible reaction pathways which account for a 
radical based intramolecular rearrangement reaction initiated by molecular 
oxygen. DFT calculations were performed at M06-2X/6-311+G**//M06-
2X/6-31G* level. Unless otherwise noted, the relative energies reported in the 
text correspond to relative free energies at 190 °C (ΔG463).  





Scheme 7.3: Two possible reaction pathways for oxygen-initiated 
rearrangement of rctt-tpcb to rtct-tpcb through a radical mechanism. 
Calculated relative free energies (ΔG463) are in kJ mol-1. TS denotes transition 
state. 
 
The triplet molecular oxygen can in principle initiate a radical reaction 
through either cleaving one of the strained C-C bonds of the cyclobutane ring, 
via pathway A (Scheme 7.3), or abstracting a hydrogen atom from the 
cyclobutane ring, via pathway B (Scheme 7.3).  For pathway A, ring opening 
of cyclobutane by triplet O2 gives a diradical intermediate A. Successive C-C 
bond rotation and ring closure will lead to the rcct-isomer, which upon a 
second ring opening and closure will yield the expected rtct-isomer. The 
calculated activation barrier for oxygen-initiated ring-opening reaction of rctt-
tpcb is rather high at 232.0 kJ mol-1. The involvement of a possible rcct 




intermediate is inconsistent with the experimental finding that rcct was not 
observed over the entire course of reaction. Thus, the ring-opening pathway A 
was not considered further.  
The alternate oxygen-initiated pathway B involves hydrogen 
abstraction by O2 to form a cyclobutyl radical intermediate B. This hydrogen 
abstraction is calculated to have a lower energy barrier of 210.3 kJ mol-1. 
Extensive delocalization of the unpaired electron into the neighboring pyridyl 
group is observed for the optimized geometry of radical intermediate B, as 
reflected in the short exocyclic C-C bond of 1.416 Å and the planar radical 
carbon center (Figure 7.13). The calculated large stabilization energy (-70.7 kJ 
mol-1) of the pyridyl substituent, based on the isodesmic stabilization 
reaction17 (eq 1) further supports the strong stabilization effect of the pyridyl π 
substituent. The great stability of the cyclobutyl radical suggests that it might 
be the persistent radical observed in the EPR experiments. Here, we propose 
that the rctt → rtct isomerization reaction proceeds through the cyclobutyl 
radical intermediate B.  
 





Figure 7.13: Optimized (M06-2X/6-31G*) geometry of the cyclobutyl 
intermediate B, showing the delocalization of the unpaired electron into a 
neighboring pyridyl group. 
 
There are three plausible routes to form the rtct-isomer after the 
generation of cyclobutyl radical intermediate B, namely B1, B2 and B3 
(Scheme 7.3). In route B1, a hydrogen atom is added back to radical B, via 
intermolecular hydrogen transfer of a neighboring rctt molecule. Depending 
on the face over which the hydrogen atom is added, this could lead to the 
original rctt molecule or the rcct-isomer. Route B1 can effectively be 
considered as one type of stepwise pyridyl-flipping mechanism. As stated 
above for pathway A, this type of mechanism which involves the formation of 
rcct-isomer is contradictory to the experimental finding and will not be 
considered further.  
Both routes B2 and B3 involve 1, 2-migration of the cyclobutyl radical 
B. In route B2, a hydrogen atom, which is trans to the original hydrogen atom 
abstracted by molecular oxygen, migrates to the neighboring carbon radical to 
give a new regioisomeric cyclobutyl radical intermediate C (Scheme 7.3). 
Alternatively in route B3, a neighboring pyridyl group migrates first to give a 
radical intermediate D, which can further undergoes a second pyridyl group 




migration to give the same radical intermediate C as in route B2. 
Intermolecular hydrogen atom abstraction by radical C could yield the 
rearrangement product (rtct). Not surprisingly, route B3 is more favorable than 
route B2 (activation barrier: 137.4 kJ mol-1 versus 166.4 kJ mol-1), which is in 
consistent with the well-established fact that aryl groups have a greater 
migratory aptitude than hydrogen.18 
As the EPR experiments revealed that the observed persistent radical is 
a carbon-centered radical and no oxygen-related byproduct was observed in 
significant quantity, we propose that the source of hydrogen atom is the 
neighboring unreacted rctt molecule and the hydrogen abstraction by radical 
intermediate C is an intermolecular reaction, which will generate the rtct-
isomer as product and regenerate radical intermediate B (Scheme 7.3). Further 
propagation of radical intermediates B and C leads to a rapid conversion of 
rctt-tpcb to rtct-tpcb without formation of the rcct-isomer in a chain reaction. 
The calculated barrier for the intermolecular hydrogen atom abstraction by 
radical intermediate C (ΔH≠463 = 59.2, ΔG≠463 = 184.6 kJ mol-1) is 
significantly lower than that of the O2-initiation step or unimolecular 
rearrangement step. In particular, this intermolecular reaction is rather 
favorable in the solid-state environment where the rctt-tpcb molecules are 
closed packed together. In other words, the unfavorable entropy effect is not 
important. This calculated result is in good accord with the experimental 
observation that the reaction is slow initially and becomes faster when 
significant amount of radical intermediate is formed. The intermolecular 
hydrogen abstraction reaction provides an effective means of radical transfer 




in the chain reaction and the unimolecular rctt-tpcb → rtct-tpcb isomerization 
via cyclobutyl radical can easily propagate in a crystal. 
7.3 Conclusion 
We reported here the stereoselective formation of rtct-isomer of tpcb 
by the solid-state thermal isomerization of rctt-isomer in atmospheric air 
(Scheme 7.4). Although formation of the rctt-isomer in the solid-state has 
been known since 1920,19 syntheses of the other isomers have never been 
achieved stereoselectivity. A mechanism involving a radical chain pathway 
initiated by molecular oxygen for this conversion, via unimolecular 
rearrangement has been proposed from DFT calculations. This proposed 
mechanism has been amply supported by the nature of products formed in air 
and nitrogen as well as by the detection of a radical in ESR spectral studies. 
Further, the ESI-MS crossover experiments confirm the unimolecular reaction 
in the solid-state. Such formation of a unique isomer by thermal isomerization 
seems to be a general phenomenon to quantitatively synthesize other useful 
stereo-isomers from the existing isomers of cyclobutane. A detailed PXRD 
studies are best consistent with the scenario that first an amorphous 
intermediate is formed which further reacts to the final crystalline product. A 
topotactic reaction or even a reconstructive phase transformation with little 
amorphous content is hard to reconcile with the PXRD observations. In 
conclusion, this chapter describes regioselective thermal isomerization of rctt-
tpcb to rtct-tpcb cleanly in the solid-state in air which opens up a new 
environmentally benign synthetic route.  





Scheme 7.4: The total reaction scheme for the dimerisation and isomerization. 
This scheme depicts the series of steps which can lead to the final product 
stereoselectively.  
 
7.4 Experimental Section 
7.4.1 Syntheses and Characterizations 
Materials and Characterization Methods. General methods and 
instrumentation details can be found in Appendix-1. The physicochemical 
properties of compounds are given in Appendix-7. The EPR measurements 
were done in Bruker E500 series with an X band microwave bridge with 
variable temperature facilities. UV-vis absorption measurements were carried 
out using Shimadzu UV 2450 spectrometer. In situ powder X-ray diffraction 
data were collected in asymmetric reflection mode using an INEL Equinox 
3000 diffractometer, equipped with a Cu-Kα radiation source, a Goebel 
mirror, an Anton Paar XRK-900 reactor chamber and an Inel CPS-120 




detector. This detector allows the capture of an angle range of 120 ° in 2θ 
simultaneously in a single snapshot. The sample was mounted on a closed 
ceramic sample holder, heated up to 195 °C at a rate of 1 °C min-1 and kept at 
195 °C for 300 min.  During heat ramp and holding time 200 diffraction 
patterns of 150 seconds were collected. 
Computational Details. Density functional theory (DFT) calculations were 
performed with the Gaussian 09 software package.20 Geometry optimizations 
were performed with M06-2X21 density functional theory and the standard 6-
31G* basis set. The M06-2X functional was chosen, as this empirical 
functional is better suited than normal hybrid DFT methods (e.g. B3LYP) in 
handling kinetics, thermodynamics, and noncovalent interactions such as π···π 
and CH···π interaction.21,22 Frequency analyses were performed on the M06-
2X/6-31G* optimized geometries to confirm the nature of the stationary points 
as equilibrium structures (with all real frequencies) or transition states (with 
only one imaginary frequency). To obtain improved energies, single-point 
energy calculations were performed at M06-2X/6-311+G** level for all 
species.  
Heating Experiments. The heating of the samples were done in hot air oven 
with temperature set according to the needs of the experiment. 
Synthesis. All the crystals were grown from water. The neutral compounds 
were crystallized out from the salt solution in water using NaOH (1M) 
solution added drop wise. The single crystals were obtained in few hours. The 
yields for such crystallizations are in the range of 90-95%. 
Synthesis of rctt-tpcb (7-1). 0.5 mmol [rctt-tpcb-H4] (TFA)4  in 1 ml of water 
was neutralized by adding dropwise just enough sodium hydroxide until the 




pH is 12 by testing with a pH paper resulting in slow crystallizing of rctt-tpcb, 
crystals were filtered, washed with water and vacuum dried. 1H-NMR δH (300 
MHz, CDCl3, ppm), 8.42 (8H, d, J = 5.79, δ-pyridyl proton), δ 6.98 (8H, d, J = 
6.0 δ-pyridyl proton), δ 4.46 (4H, s, CH-CH). Elemental Analysis (%) Calcd 
for rctt-tpcb (C24H20N4): C, 79.10; H, 5.53; N, 15.37. Found: C, 78.73; H, 
5.52; N, 15.23. UV absorption spectra of 7-1 show a broad peak around 203 
nm (see Figure 7.23). FT–IR of the compound 7-1 is shown in Figure 7.24. 
Synthesis of rtct-tpcb. rctt-tpcb (7-1) was heated for overnight for 14 h inside 
a scintillation vial in oven at 190 °C. 1H-NMR δH (300 MHz, CDCl3, ppm), 
8.59 (8H, d, J = 5.79, δ-pyridyl proton), δ 7.16 (8H, d, J = 6.21, δ-pyridyl 
proton), δ 3.71 (4H, s, CH-CH). Elemental Analysis (%)  Calcd for rctt-tpcb 
(C24H20N4): C, 79.10; H, 5.53; N, 15.37. Found: C, 78.57; H, 5.37; N, 15.17. 
UV absorption spectra of 7-1 show a broad peak around 202 nm and 214 nm 
(see Figure 7.23). FT–IR of the compound 7-1 is shown in Figure 7.24. 
Synthesis of the [bpe-H2](TFA)2. The [bpe-H2](TFA)2 was synthesized by 
adding dropwise 0.03 ml (0.4 mmol) of trifluoroacetic acid (HTFA) (density = 
1.489 g cm-3) to 36.4 mg (0.2 mmol) of bpe in 0.5 ml methanol (2:1 ratio) and 
the mixture was swirled for an hour. Beige white crystalline solid was formed. 
The solid was filtered washed and vacuum dried. Elemental analysis (%) 
Calcd for [bpe-H2](TFA)4: C, 46.8; H, 2.93; N, 6.83. Found: C, 46.76; H, 
2.94; N, 7.14. 
Synthesis of [rctt-tpcb-H4](TFA)4. [bpe-H2](TFA)2 solid was ground to 
powder and kept between glass plates for photo-irradiation under UV lamp for 
24 h. The dimerization was completed when the white powder turned pale 
yellow. 1H-NMR δH (300 MHz, CDCl3, ppm), 8.60 (d, 8H, J = 5.91, δ-pyridyl 




proton), δ 7.90 (d, 8H, J = 6.09, δ-pyridyl proton), δ 5.34 (s, 4H, CH-CH). 
Elemental analysis (%). Calcd for [rctt-tpcb-H4](TFA)4: C, 46.80; H, 2.93; N, 
6.83. Found: C, 46.76; H, 2.94; N, 7.14.  
Structure of rctt-tpcb (7-1).  The block type crystals of neutral rctt-tpcb (7-1) 
were synthesized by neutralizing the trifluoroacetate (TFA) salt of rctt-tpcb 
with NaOH(1M) solution. The crystal structure of the rctt-tpcb reported in 
2009,23 was found to crystallize in the orthorhombic space group Pccn in 
which a crystallographic two-fold symmetry passes through the cyclobutane 
ring with puckered conformation. In the absence of strong H-bond donors, the 
crystal packing has been found to be directed by weak C-H···π and C-H···N 
interactions along ac-direction and π···π interactions along ac-direction.24,25 
Two pyridyl rings are found to interact partially with two neighboring pyridyl 
rings in a face to face manner with a shortest distance of 3.24 Ǻ. Further, two 
C-H hydrogen atoms of the cyclobutane and neighboring pyridyl N atoms are 
involved in very weak C-H···N hydrogen bonds (H···N distance, 2.717 Ǻ and 
∠CHN angle, 145.0°). These weak interactions appear to cause puckered 
conformation of the cyclobutane ring.   
Deuteration and Cross over Experiments 
Synthesis of Bpedo or bpe di N-oxide. Bpedo or bpe di N-oxide was 
synthesized by treating the bpe (1,2-Bis(4-pyridyl)ethylene) with hydrogen 
peroxide in acetic acid.27 The reactant mixture was dried in vacuum to yield a 
yellow solid which was washed with hot acetone and recrystalized from 
ethanol to obtain golden brown blocky crystals. 1H-NMR (D2O, 300 MHz, 298 
K): δ 8.21 (d, 4H, δ-pyridyl proton), δ 7.70 (d, 4H, δ-pyridyl proton), δ 7.35 (s, 
2H, CH=CH). (ESI-MS the molecular ion peak was found to appear at m/z 
215) 
Synthesis of Bpedo – D8. Bpedo-D8 – the bpedo was added to excess D2O and 
K2CO3 and was refluxed28 at a high temperature of 160 °C for 72 h and on 
cooling resulted in pale yellow platy crystals. 1H-NMR (D2O, 300 MHz, 298 
K): δ 7.70 (s, δ-pyridyl proton), δ 7.36 (s, CH=CH). (ESI-MS the molecular 
ion peak was found to appear at m/z 223) 




Synthesis of Bpe – D8 . Bpe-d8- the bpedo-d8 was treated with calculated 
amount of PCl3 in chloroform and heated to reflux,29 after work up the 
chloroform was evaporated and the ppt was recrystallised from methanol. 1H-
NMR (CDCl3, 300 MHz, 298 K): δ 8.19 (s, δ-pyridyl proton), δ 7.82 (s, 
CH=CH). (From ESI-MS the molecular ion peak was found to appear at m/z 
191)  
Synthesis of Bpe – D8 . (TFA)2 and rctt tpcb -D16 . (TFA)4. Bpe-d8 crystals 
were then reacted with TFA in methanol to yield Bpe-D8. (TFA)2 . The powder 
obtained on slow evaporation was irradiated by UV light for 48 h to yield rctt 
tpcb – (tfa)4-D16 salt (7-1∙D16  salt), 1H-NMR (D2O, 300 MHz, 298 K): δ 7.86 
(s, δ-pyridyl proton), δ 5.31 (s, CH-CH). (Figure 7.39 in Appendix-7 for NMR 
).  
Synthesis of a 1:1 mixture of rctt-  tpcb (7-1)  and deuterated rctt-  tpcb (7-
1∙D16).  The resultant powder rctt tpcb D16– tfa salt was then dissolved in 
water and an equal equivalent of rctt tpcb tfa salt and neutralized with NaOH 
to yield the golden yellow blocky crystals, the cocrystal of both. NMR and MS 
suggest that the ratio of the non deuterated rctt tpcb is more than deuterated 
rctt tpcb. 1H-NMR (CDCl3, 300 MHz, 298 K): δ 8.42 (d, δ-pyridyl proton), δ 
6.98 (t, δ-pyridyl proton), δ 4.46 (s, CH-CH). (see Figure 7.40 for NMR and 
from ESI-MS the molecular ion peak was found to appear at m/z 365 and 381, 
see Figure 7.34).     
The resultant crystal didn’t result in a 1:1 ratio as per nmr and mass % of non 
deuterated and deuterated which might be because of the deuterium 
scrambling although there are only three equivalent positions available. 
Isomerisation of the cocrystal of 7-1 and 7-1∙D16 
The crystals were heated in a hot air oven in air at 190 °C for 6 h when the 
crystals turned brownish, it was checked with 1H-NMR and ESI MS. 1H-NMR 
(CDCl3, 300 MHz, 298 K): δ 8.59 (d, δ-pyridyl proton), δ 7.16 (t, δ-pyridyl 
proton), δ 3.71 (s, CH-CH), see Figure 7.43 and 7.34 for NMR and for ESI-
MS respectively the molecular ion peak was found to appear at m/z 365 and 
381, see Figure 7.35. 







Figure 7.14: a) The π···π interactions that occur along ac-direction between 
the pyridyl rings are shown in different colors and b) The presence of weak C-
H···N hydrogen bonds are shown. c) The packing of 7-1 along ac-plane which 
is assisted by π···π interactions and C-H···N hydrogen bonds. The pyridyl H-
atoms are not shown for clarity. 
 
 
Figure 7.15: The crystal figures depict the changes happening on the surface 
of a single crystal of 7-1 with the heating time when heated at 200 °C. 




Figures 7.16 to 7.41 is under Appendix-7 
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 Alkali and alkaline earth metal ions play an important role in living 
cells, for example, Na(I) and K(I) in maintaining the ionic equilibria, Mg(II) 
and Ca(II) being essential mineral nutrients in which Mg(II) makes the ATP 
active and catalyze the photosynthesis, while Ca(II) is an important constituent 
of the bone tissue. Many of their compounds are of great importance in 
industry as pharmaceuticals, dyes, etc. Surprisingly the coordination chemistry 
of these metal ions are not well explored.1 Being highly electropositive and 
possessing a rather big ionic radii makes the coordination number of the s-
block metal ions relatively erratic.2 The basic nature and high enthalpy of 
hydration makes it relatively tough to design the coordination polymers (CPs) 
of s-block metal ions as well as synthesize them from aqueous solution.3  The 
random and unpredictable nature of its coordination number and pH dependent 
self assembly can nevertheless facilitate the formation of novel topologies 
with a number of designed ligands. 
 Structural transformations involving bond breaking and formation in 
CPs have always been interesting. Most of these transformations are 
commonly driven by light, heat, pressure or guest molecules. Accompanying 
these transformations are changes in the dimensionality, connectivity or 
geometry of the metal ion in the building unit. For example, structural 
transformations induced thermally are due to the change in binding modes of 
the coordinated ligand.4 However, structural transformation studies with 
respect to the ligands are rare in this area.5  
 Supramolecular isomerism is a well-known phenomenon in the 
structural chemistry of CPs.6 Different synthetic experimental conditions as 
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well as structural transformations can result in supramolecular isomers. The 
variable coordination numbers for s-block metal ions introduce the structural 
uncertainty which is an intrinsic characteristic of a supramolecular self-
assembly and hence increases the possibility of supramolecular isomerism.  
 Tetracarboxylate anions are an interesting class of spacer ligands to 
design CPs with novel connectivities.7 Of these, cyclobutane based 
tetracarboxylate ligands were seldom used for this purpose.7e, 8  A rarely used 
tetracarboxylate ligand, namely, cyclobutane tetracarboxylate (cbtc) can be a 
potential spacer ligand to make CPs for various applications. Its rigidity arose 
from the strong bonding interactions between metal and oxygen based on Hard 
Soft Acid Base theory (HSAB), can give rise to robust frameworks suitable for 
applications. Its high acidity from the four carboxylic acids would also ensure 
that it reacts well with basic metal ions.  This ligand can exist in two of the 
four possible stereo-isomeric forms.8c, 9 In a few cases, the rctt isomer has 
been found to isomerize to the more stable rtct-isomer under solvothermal, 
acidic or basic conditions.8c, 10a Usually cyclobutane derivative either in 
organic or inorganic systems has been studied for its ability to cleave back to 
olefins reversibly. Recently our lab reported two systems where it undergoes 
100% reversible cleavage in 3D CPs. In the first case, it was a 3D MOF 
having dia topology with bpeb ligand that polymerizes under UV light and 
depolymerizes upon heating.10b Whereas in the second case, it was stilbene 
dicarboxylate (SDC) which undergoes reversible [2+2] cycloaddition reaction 
in K2(SDC).10c However, our studies in Chapter 7 showed that the rctt-tpcb 
isomerizes on heating in the solid-state. Hence we proposed to investigate the 
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possible thermal reactivity of cbtc ligand in thermally stable alkali and 
alkaline metal salts. 
Herein, we report the synthesis of five s-block metal 3D coordination 
networks by reacting metal hydroxides of NaOH, KOH and Ba(OH)2 with 
rctt-cbtc in water and alcohol mixture by slow evaporation. They are: 
[Na2(rctt-cbtc-H2)(H2O)4] (8-1) and (8-2) which are supramolecular isomers, 
[K2(rctt-cbtc)(H2O)2] (8-3) and [Ba2(rctt-cbtc)(H2O)6] (8-4). Thermal 
properties of these CPs showed varying behavior: 8-1, 8-2 and 8-3 shows 
quantitative isomerization whereas 8-4 did not show this property which might 
be due to the intricate coordination mode of the cbtc ligand with the Ba(II) 
ions. In all the three cases of isomerization, the single crystallinity was lost 
after heating. Hence, the product obtained after thermal isomerization of 8-1 
was recrystallized to get [Na3(rtct-cbtc-H)(H2O)3]n (8-5) in order to confirm 
the stereochemistry of the cyclobutane unequivocally by X-ray 
crystallography. It was interesting to investigate the topology and connectivity 
of these coordination polymers as s-block elements exhibit diverse 
coordination modes: 8-1 mog, 8-2 pcu and 8-4 fsh topology whereas 8-3 and 
8-5 show different connectivity and topology.  The details of our investigation 
are described below. 
8.2 Results and Discussion 
A simple tetracarboxylate of cyclobutane is cyclobutane 
tetracarboxylate (cbtc) and the rctt-isomer of this ligand has been synthesized 
by the literature method (see experimental section 8.4). This ligand readily 
forms the salts of alkali and alkaline metal ions but the single crystals of Na(I), 
K(I) and Ba(II), namely, 8-1 to 8-5 were successfully obtained by the acid-
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base reaction and structurally characterized. The solid-state structures and 
their reactivities in solid-state are described below. 
8.2.1 Structural analysis of [Na2(rctt-cbtc-H2)(H2O)4] (8-1) 
For Z = 1 in the triclinic space group Pī, the asymmetric unit has half 
of the dimeric repeating unit with crystallographic centre of inversion.  The 
Na1 ion has octahedral core with four bridging water molecules along with a 
monodentate carboxylate anion and a monodentate carboxylic acid of two 
different cbtc ligands in cis fashion. (Figure 8.1). The water molecules bridge 
the Na(I) ions to form a [Na(OH2)2] polymer chain along the a-axis. Whereas 
[Na2(rctt-cbtc-H2)] forms a plane approximately in (1ī0) and the combination 
of these produces a 3D CP. If the Na(I) is considered as tetrahedral node and 
the cbtc as square planar node, then the topological simplification by TOPOS14 
yields to a binodal (4,4) connected moganite (mog) net where both the metal 
and ligand nodes are 4-connected as shown in Figure 8.1d. The point/ Schlafli 
symbol for the net is {4.64.8}2{42.62.82}. The  hydrogen bonding parameters 
are shown in Table 8.1.  
a)  





c) d)  
Figure 8.1: A perspective view showing a) the coordination environment 
around Na(I) ion in 8-1, b) the 2D plane of  [Na2(rctt-cbtc-H2)], c) a portion of 
the 3D structure and d) the topological representation of 8-1. The Na(I) ions 
are shown as golden yellow balls, oxygen atoms as red ball and carbon in 
grey. The C-H  hydrogen atoms are omitted for clarity. Symmetry codes: A = 
1-x, 1-y, -z; B = 1-x, 1-y, 1-z; C = -x, 1-y, -z; D = -1+x, y-1, z; E = -1+x, y, z; 
F = -x, 1-y, -z. 
 
8.2.2 Structural analysis of [Na2(rctt-cbtc-H2)(H2O)4] (8-2) 
This compound has the same formula and isomorphous to 8-1 
crystallized in a triclinic space group Pī. For Z = 1, 8-2 also has 
crystallographic inversion center in the middle of the Na2(OH2)2 ring. But this 
[Na2(µ-OH2)2(H2O)2] is a discrete dimer and does not form 1D aggregate like 
8-1 as shown in Figure 8.2a. The Na1--O6∙∙∙∙∙∙∙Na1E (symmetry code for E is 
1-x, 2-y, 1-z) 4.06 Å is too far way to bridge the neighboring metal ion. The 
coordination geometry at Na1 is still octahedral but highly distorted with the 
oxygen atoms of the two bridging aqua ligands along another one from the 
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terminal aqua ligand and the oxygen atoms from three different cbtc ligands in 
a facial manner. The [Na2(rctt-cbtc-H2)] forms a 14-membered ring in the ab-
plane through O2 and O3 atoms as shown in Figure 8.2b while connnectivity 
with O1 and O2 produced a 8-membered ring perpendicular to it producing a 
3D coordination polymeric network structure (Figure 8.2c). The cbtc-H2 is 
connected to six different sodium ions and the Na(I) dimer is simplified into a 
single node which is linked through six different linkages, thus topology 
analysis of the 3D structure yielded a 6-connected pcu or α-Po uninodal net 
with point/ Schlafli symbol for the whole net as {412.63} (Figure 8.2d).14  The 
hydrogen bond parameters are tabulated in Table 8.2. 
a)  
b)  
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c) d)    
Figure 8.2: A perspective view showing a) the coordination environment 
around Na(I) ion in 8-2, b) a portion of the 3D structure, c) the three 
dimensional packing in 8-2 and (d) the topological representation of 8-2.The 
Na(I) ions are shown as golden yellow balls, oxygen atoms as red ball and 
carbon in grey. The C-H hydrogen atoms are omitted for clarity. Symmetry 
codes: A = 1-x, 1-y, 1-z; B = 1-x, 2-y, 2-z; C = 1-x, 1-y, 2-z; D = x, -1+y, -
1+z; E = x, y, -1+ z. 
 
The two 3D structures of 8-1 and 8-2 have the same molecular formula 
but different connectivity. Figure 8.3 gives a detailed comparison on the 
connectivity of cbtc ligand and coordination environment of Na(I) ions in both 
cases. They are true supramolecular isomers. 6b, 6c, 15 Both were synthesized by 
similar experimental conditions, but methanol was used instead of ethanol, for 
8-2. 
 
Figure 8. 3: A comparison of the connectivity for the metal as well as the cbtc 
ligand coordination environment in 8-1 and 8-2.  
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8.2.3 Structural analysis of [K2(rctt-cbtc-H2)(H2O)2] (8-3) 
For Z = 1 in the triclinic space group Pī, the dimeric building block in 
8-3 has crystallographic inversion center. The hepta-coordinated K1 is highly 
distorted to describe in terms of any ideal geometry. However, the O5B-K1-
O2D (symmetry code for B = -1/2+x, 3/2-y, -1/2+z and D = x, y,-1+ z) and 
O3C-K1-O4A (symmetry code for A= 2-x, 2-y, 1-z and C = 3/2-x, -½+y, ½-z) 
angles, 170.85(4)° and 140.18(3)° indicate that it could be well-described as 
mono-capped pentagonal pyramid. The unique K1 is coordinated to two 
bridging water molecules, one chelating carboxylate of cbtc (O3 and O4) and 
three monodentate carboxylate oxygen atoms from three different cbtc ligands. 
A crystallographic inversion center is also present in the middle of the cbtc 
ligand. Of the two carboxylates of cbtc, one carboxylate is in the chelating 
mode, Z, Z-μ2-η2:η1 with O3 atom bridging another K atom while the second 
carboxylate O atoms were bonded to two different K1 atoms in Z,E-μ2-η2:η1 
mode. The aqua ligands bridges K1 to form a 1D aggregate which extends 
approximately along [ī10] axis. The overall structure is of 3D nature 
considering the connectivity with cbtc.  Here if each K represents a 6-
connected node and cbtc has an eight centered node, the connectivity can be 
simplified by TOPOS in terms of (6,8) topology, which does not match with 
any reported in the literature and the point/ Schlafli symbol for the whole net 
is {34.46.54.6}2{34.48.512.63.7}.14 





c) d)  
Figure 8.4: A perspective view showing a) the coordination environment 
around the K(I) ion in 8-3, b) the connectivity of cbtc ligand, c) the three 
dimensional packing in 8-3 and d) the topological representation of 8-3. The 
K(I) ions are shown as lilac balls, oxygen atoms as red ball and carbon in grey. 
The hydrogen atoms are omitted for clarity. Symmetry codes: A = 2-x, 2-y, 1-
z; B = -1/2+x, 3/2-y, -1/2+z; C= 3/2-x, -½+y, ½-z; D = x, y,-1+ z; E= x, y,1+ 
z; F= 1-x, 2-y, 1-z; G=-1/2+x, 3/2-y, 1/2+z; H= -1+x, y, z; I= 1-x, 2-y, -z, J= 
3/2-x, ½+y, ½-z.  
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8.2.4 Structural analysis of [Ba2(rctt-cbtc)(H2O)6] (8-4) 
 The asymmetric unit in 8-4 contains half of the formula in the space 
group Pī with Z = 1. The coordination number of the metal ion increases as 
the size of the metal ion increases. Thus, the Ba(II) ion in 8-4 is nine-
coordinated with a heavily distorted trigonal prismatic square tricapped16 
geometry where it is coordinated to aqua ligands of which two are bridging 
and are related by center of inversion.  
The rest of the coordination sites are satisfied by the tetra carboxylate 
ligand which also has a crystallographic center of inversion. The cbtc anion 
has two types of carboxylate binding modes, one monodentate μ1-η2 and other 
one with a chelating and bridging mode, μ2-η2: η1.  The Ba1 forms a 4-
membered Ba2O2 ring with the oxygen atoms of two different carboxylates 
(O1 and O3) forming a 1D chain which extends along a-axis while the cbtc 
anion connects these chains through the formation of 7-membered ring along 
the c-axis forming a 2D structure in ac-plane. The bridging aqua ligands along 
the b-axis make this into a 3D architecture. This structure is unique in the 
sense that three different 4-membered Ba2O2 rings connect in three directions 
to produce this 3D architecture. Here also, Ba(II) has a four-connected node 
and the cbtc ligand has a six-connected node to form a (4,6) connected fsh 3D 
net where the point/ Schlafli  symbol for the whole net is {43.63}2{46.66.83} 
(Figure 8.5).  





c)    d)  
Figure 8.5: A perspective view showing a) the coordination environment 
around the Ba(II) ion in 8-4, b) a portion of the 3D structure, c) the three 
dimensional packing in 8-4 and d) the topological representation of 8-4. The 
Ba(II) ions are shown as green balls, oxygen atoms as red ball and carbon in 
grey. The C-H hydrogen atoms are omitted for clarity. Symmetry codes: A = 
1-x, 2-y, 1-z; B = -x, 1-y, -z; C = x, y, 1+z; D = 1-x, 1-y, 1-z; E = -x, 1-y, 1-z; 
F = -1+x, y, z. 
 
 Chapter 8 
246 
 
8.2.5 Thermal Reactivity of compounds 8-1 to 8-4 
1,2,3,4-Tetrasubstituted cyclobutane ring compound can have four 
stereoisomers, namely rctt, rtct, rcct and rccc as discussed in Chapter 1 
section 1.3.5.8c Of these, the last isomer is highly energetic due to syn-syn 
steric hindrance, and other isomers have been found to exist in solution.9 
Previously, acid catalyzed isomerization of rctt-tpcb has been observed in a 
coordination polymer in solution.17,10 However, the thermal isomerization of 
rctt-cbtc has not been investigated in the solid-state so far. On the other hand, 
thermal cleavage of the cyclobutane ring to the olefins has been noted in a few 
cases.5c, 18 Since the CPs have better thermal stability than the organic solids, 
we have investigated the solid-state thermal reactivity of these compounds. It 
would be interesting to investigate whether there will be any cleavage of 
cyclobutane ring, isomerization or just decomposition of the compound will 
occur in 8-1 to 8-4.  
The weight loss from TGA of 8-1 indicated the removal of the 
coordinated water around 100 °C followed by the decomposition at 230 °C. 
Hence, 8-1 was heated at 230 °C for 72 h in air and the resultant solid was 
analyzed by 1H-NMR spectroscopy in D2O. To our surprise, a new chemical 
shift at 3.13 ppm due to rtct-isomer appeared along with the peak at 3.49 ppm 
due to C-H proton of the rctt-cbtc.19 Integration of the two peaks showed 
~85% of the isomerization occurred from rctt to rtct isomer as shown in 
Figure 8.6. Increase in temperature or time did not yield quantitative 
isomerization.  Nevertheless, the pure product, 8-5 was separated by 
recrystallization from water (see experimental section for detailed synthesis).  




Figure 8.6: 1H-NMR spectra of 8-1 in D2O before and after heating showing 
the isomerization of rctt isomer to rtct isomer. 
 
Interestingly, the supramolecular isomer 8-2 shows different thermal 
stability and it is stable only up to 200 °C after dehydration at 100 °C. 
Consequently, when 8-2 was heated at 200 °C for 96 h in air the maximum 
isomerization at optimized condition was only 50% (see Figure 8.14). This 
could be due to the extended connectivity of the cyclobutane ligand as 
compared to 8-1.  Usually, polymorphs are known to exhibit difference in 
physical and chemical properties.20 Such observations have been noted only 
for a few cases in CPs and supramolecular isomers.6a, 6c, 15b, 21 Here we 
encountered yet another example for the supramolecular isomers exhibiting 
difference in chemical properties, i.e., thermal isomerization.  
As the alkali metal ion size increases down the group, the thermal 
stability of 8-3 and 8-4 was found to be better than 8-1 and 8-2 due to stronger 
ionic interactions with the ligand. The solid 8-3 was found to be stable up to 
250 °C after the removal of aqua ligands at 100 °C. The variable temperature 
powder X-ray diffraction (PXRD) studies of 8-3 indicated that it loses its 
crystallinity at 205 °C (Figure 8.25).  A maximum isomerization of 83% was 
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observed when 8-3 was heated at 240 °C for 18 h in air and conversion of rctt-
cbtc to rtct-cbtc isomer was monitored by the 1H-NMR spectral studies 
(Figure 8.7).  
 
Figure 8.7: 1H-NMR spectra of 8-3 in D2O before and after heating showing 
the maximum isomerization at 240 °C in 18 h.  
 
 
On the other hand, the dehydrated 8-4 is very stable up to 350 °C and 
did not show any cleavage or isomerization of the cyclobutane ring as 
investigated by the 1H-NMR spectroscopy. The high thermal stability of 8-4 
could be due to the intricate coordination mode of the cbtc ligand with the 
metal ions. These observations on thermal stability and reactivity studies 
provided us with a clear relation between the connectivity, thermal stability 
and reactivity of coordination polymers in the solid-state. It also suggested that 
solid-state reactivity can be favored by the metal organic environment as 
shown in this case were the ligand alone shows less reactivity whereas the 
coordination polymer showed enhanced reactivity. As a result, comparatively 
enhanced thermal stability of the rctt-isomer in the CPs allowed to explore the 
solid-state transformation as compared to the organic ligand alone. 
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8.2.6 Structure analysis of [Na3(rtct-cbtc-H2)(rtct-cbtc-
H3)(H2O)3] (8-5) 
The compound 8-5 after recrystallization has changed its composition, 
but the isomerization to the rtct-isomer was confirmed by single crystal X-ray 
crystallography, unequivocally. It crystallized in the monoclinic space group 
C2/c with Z = 4 and the asymmetric unit contains only half of the formula 
unit. Further, the cyclobutane has two carboxylic acid ligands (O2 and O4 
atoms with hydrogen atoms) and a half hydrogen atom has been assigned to 
O6 to compensate 1.5 positive charges due to the extra half Na(I) atom in the 
asymmetric unit. There are two unique Na(I) atoms in the asymmetric unit and 
Na1 lies on a 2-fold axis. Both Na1 and Na2 have octahedral coordination 
geometry satisfied by two aqua ligands, one axial other equatorial in both the 
structures and the rest of the coordination sites are occupied by the 
monodentate carboxylate/carboxylic acid ligands. In the cbtc ligand, two 
carboxylates coordinate in a monodentate η1 fashion, whereas the third one 
although monodentate coordinate in η2 mode and the fourth one coordinates in 
a bidentate μ2-η1: η1 mode.  The presence of half H atoms on O6 produces O6-
H6∙∙∙O6A (symmetry code A = -x, y, ½-z).  The 3D structure present in 8-5 
can be simplified with the help of topological analysis which shows (4,5,6) 
connected trinodal net where Na1 was simplified to a 4-connected node, Na2 
to a 6-connected node and the cbtc ligand to a 5-connected node. This 
topology appears to be new and was not found in the list of known structures 
with a point/ Schlafli symbol for the whole net as 
{3.44.53.62}2{3.44.53.66.7}2{32.5.62.7}.14 





c)  d)  
 
Figure 8.8: A perspective view showing a) the coordination environment 
around Na(I) ion in 8-5, b) a portion of the 3D structure, c) the three 
dimensional packing in 8-5 and d) the topological representation of 8-5. The 
Na(I) ions are shown as golden yellow balls, oxygen atoms as red ball and 
carbon in grey. The hydrogen atoms are omitted for clarity.  
 




The solid-state structures of the CPs of rctt-cbtc with selected alkali 
and alkali metal ions have been investigated. They form interesting but 
complicated three dimensional structures with diverse coordination modes. 
Structures of 8-1 and 8-2 belong to mog and pcu topology respectively. The 
connectivity in 8-3 is made up of (6,8) nets while 8-4 is based on (4,6) 
connected fsh net. Thermal isomerization occurs when these solids were 
heated in air to above 200 °C. The rctt-isomer cleanly isomerizes to the more 
stable rtct-isomer but no quantitative conversion was achieved as monitored 
by 1H-NMR spectroscopy. Despite higher thermal stability up to 350 °C after 
the removal of aqua ligands, no isomerization of the cyclobutane ring in 8-4 
was observed. This has been attributed to the strong and intricate coordination 
mode of the cbtc ligand with the Ba(II) ions with higher coordination number. 
It is likely that higher coordination number and very strong metal-ligand 
bonds may not be suitable for solid-state thermal isomerization process. More 
work to be done to establish a facile conversion of these stereo isomers of 
cyclobutane in the solid-state which might prove to be a useful route to access 
different isomers of cyclobutane derivatives. 
8.4 Experimental Section 
8.4.1 X-ray Crystallography 
Intensity data for compounds 8-1 to 8-5 were collected at 100(2) K on 
a Bruker APEX diffractometer attached with a CCD detector and graphite-
monochromated MoKα (λ = 0.71073 Å) radiation using a sealed tube (2.4 
kW). An empirical absorption correction was applied to the data using the 
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SADABS12 program. All the structures were solved by using direct methods 
and refined on F2 by full- matrix least squares procedures with SHELXTL.13  
Crystal data as well as details of data collection and refinement are 
summarized in Table 8.3. 
Table 8.1: Hydrogen bond parameters in 8-1 
_______________________________________________________________ 
 D-H        d(D-H)      d(H∙∙∙A)     d(D∙∙∙A)      <DHA      A (symmetry operator) 
______________________________________________________________ 
 O3-H3O     0.94(3)      1.57(3)      2.501(1)   167(2)     O2 [ x+1, y, z ] 
 O5-H5X     0.85(2)      1.96(2)      2.795(1)   169(2)     O2 [ x+1, y, z ] 
 O5-H5Y     0.82(2)      2.18(2)      2.950(1)   157(2)     O5 [ -x+1, -y, -z ] 
 O6-H6X     0.81(2)      2.15(3)      2.892(2)   153(2)     O4 [ -x+1, -y+1, -z+1 ] 
 O6-H6Y     0.84(2)      2.17(2)      2.949(2)   155(2)     O1 [ x, y+1, z ] 
 
 
Table 8.2: Hydrogen bond parameters in 8-2  
 
D-H                d(D-H)       d(H∙∙∙A)      d(D∙∙∙A)     <DHA           A (symmetry operator) 
 










O3 [ x, y+1, z ] 
O5-H5A          0.847(9) 1.917(10) 2.755(1) 170(2) O4 [ -x+1, -y+1, -z+1 ] 
O5-H5B          0.841(9) 2.223(10) 3.052(1) 169(2) O2 [ x+1, y, z ] 
O6-H6A          0.844(9) 1.986(9) 2.826(1) 173(2) O4 [ x, y+1, z ] 
O6-H6B          0.842(9) 2.106(9) 2.947(1) 176(2) O1 [ x, y, z-1 ] 
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Table 8.3: Crystallographic data for compounds 8-1 to 8-5 
 
Compound 8-1 8-2 8-3 8-4 8-5 
CCDC deposition No. 980262 980263 980264 980265 980266 
Empirical formula C8H14Na2O12 C8H14Na2O12 C8H10K2O10 C8H16Ba2O14 C16H19Na3O19 
Formula weight 348.17 348.17 344.36 610.89 584.28 
Temperature/K 100(2) 100(2) 100(2) 100(2) 100(2) 
Crystal system Triclinic Triclinic Monoclinic Triclinic Monoclinic 
Space group Pī Pī P2(1)/n Pī C2/c 
a/Å 6.1351(6) 6.1285(4) 6.2679(5) 6.4190(5) 18.1275(12) 
b/Å 6.3115(6) 7.7676(5) 15.3935(11) 7.9361(6) 13.5852(9) 
c/Å 9.1906(9) 8.0964(6) 6.3897(5) 8.9110(7) 9.9982(7) 
α/° 95.537(2) 115.700(1) 90 103.757(1) 90 
β/° 96.302(2) 101.316(1) 105.500(1) 104.137(1) 120.526(1) 
γ/° 116.231(2) 103.008(1) 90 106.945(1) 90 
V/Å3 313.07(5) 318.87(4) 594.09(8) 397.04(5) 2120.9(2) 
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Z 1 1 2 1 4 
Dcalc (mg/m3) 1.847 1.813 1.925 2.555 1.830 
Abs.coeff.(mm-1) 0.231 0.227 0.849 5.001 0.219 
F (000) 180 180 352 288 1200 
R, wR2 (all data) 0.0347, 0.0820 0.0294, 0.0768 0.0262, 0.0644 0.0157, 0.0407 0.0412, 0.0993 
Final R, wR2 
(for I >2σ) 
0.0314, 0.0800 0.0279, 0.0754 0.00249, 0.0631 0.0156, 0.0406 0.0384, 0.0975 
Largest diff. peak and 




















Table 8.2: Hydrogen bond parameters in 8-3 
 
D-H                d(D-H)       d(H∙∙∙A)      d(D∙∙∙A)     <DHA           A (symmetry operator) 
 










O4 [ x, y, z-1 ] 
O5-H5X          0.822(5) 2.053(9) 2.827(2) 157(2) O2 
O5-H5Y          0.814(5) 2.165(6) 2.964(2) 167(2) O4 [ -x+3/2, y-1/2, -
z+3/2 ] 
Table 8.3: Hydrogen bond parameters in 8-4  
 
D-H                d(D-H)       d(H∙∙∙A)      d(D∙∙∙A)     <DHA           A (symmetry operator) 
 










O4 [ x, y-1, z ] 
O5-H5B          0.82(2) 1.88(2) 2.690(2) 166.88(4) O4 [ -x+1, -y+1, -z+1 ] 
O6-H6A          0.82(2) 2.01(2) 2.796(2) 161.58(3) O4 [ x, y-1, z ] 
O6-H6B          0.82(2) 2.05(2) 2.847(2) 166.18(3) O1 [ -x+1, -y+1, -z+1 ] 
O7-H7A          0.84(2) 2.10(2) 2.941(2) 176.86(4) O6 [ -x, -y, -z ] 
O7-H7B          0.84(2) 1.93(2) 2.749(2) 165.01(4) O2 [ -x, -y, -z+1 ] 
 
Table 8.4: Hydrogen bond parameters in 8-5 
 
D-H                d(D-H)       d(H∙∙∙A)      d(D∙∙∙A)     <DHA           A (symmetry operator) 
 









3)     
 
O1 [ -x+1, -y+1, -z+2 ] 
O4-H4           0.84(1) 1.62(1) 2.455(2) 179.08(
3)     
O8 [ -x+1/2, y+1/2, -z+1/2 
] 
O4-H4           0.84(1) 2.60(2) 3.112(2) 120.9(2)     O7 [ -x+1/2, y+1/2, -z+1/2 
] 
O6-H6           1.227(1) 1.227(1) 2.455(2) 179.46( O6 [ -x, y, -z+1/2 ] 
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3)     
O6-H6           1.227(1) 2.547(7) 3.314(2) 118.60(
4)     
O5 [ -x, y, -z+1/2 ] 
O9-
H9A          
0.82(1) 2.06(1) 2.828(2) 155.84(
2)     
O7 [ -x+1, -y+1, -z+1 ] 
O9-
H9A          
0.82(1) 2.59(2) 3.085(2) 120.6(2)     O4 [ x+1/2, -y+3/2, z+1/2 ] 
O9-
H9B          
0.82(1) 2.21(2) 2.93(3) 146.25(
2)     
O6 [ x+1/2, -y+3/2, z+1/2 ] 
O10-
H10         
 
0.83(1) 1.97(1) 2.766(1) 159.68(
2)     
O7 [ x, -y+1, z-1/2 ] 
8.4.2 Syntheses and Characterizations 
Materials and general methods. General methods and instrumentation 
details can be found in Appendix-1. The physicochemical properties of 
compounds are given in Appendix-8.  
Synthesis of Cyclobutane tetracarboxylate (rctt-cbtc). The ligand 
cyclobutane tetracarboxylate was synthesized by a modified procedure.11 
Maleic anhydride was converted to its dimer, cyclobutane tetracarboxylic 
dianhydride (CBTA) in a solution of ethyl acetate under ultraviolet irradiation 
of 365 nm followed by acid-reflux hydrolysis for 24 h. The reaction was 
monitored by 1H-NMR spectroscopy which showed a downfield shift of two 
chemically equivalent ethylene protons at 6.34 ppm to 3.71 ppm upon 
dimerization of maleic anhydride. The dimerized product was hydrolyzed in 
concentrated HCl but the 1H-NMR showed the peak having the same chemical 
shift as the anhydride dimer. Therefore, powder X-ray diffraction (PXRD) had 
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to be carried out for the hydrolyzed compound and it matches well with the 
reported one in the literature. 
Synthesis and characterisation of [Na2(rctt-cbtc-H2)(H2O)4] (8-1). H4cbtc 
(58 mg, 0.25 mmol) was dissolved in a beaker containing NaOH (20 mg, 0.5 
mmol), in 2 ml of ethanol and 2 ml of water. The mixture was heated to 
saturation at 100 °C and left to evaporate slowly at room temperature. 
Colourless rhombus platy crystals were obtained in one day. Yield = 75%. 1H-
NMR δH (300 MHz, D2O, ppm), 3.63 (4H, s, cyclobutane proton). Elemental 
analysis (%) Calcd for Na2C8H14O12 (8-1): C 27.60; H 4.05. Found: C 27.54; 
H 4.21. TGA shows the weight loss of four water molecules: Calcd 20.7%, 
Found 19.9%. 
Synthesis and characterisation of [Na2(rctt-cbtc-H2)(H2O)4] (8-2). H4cbtc 
(58 mg, 0.25 mmol) was dispersed in a beaker containing NaOH (40 mg, 1 
mmol), in 2 ml of methanol and 2 ml of water. The mixture was heated to 
saturation at 100 °C and left to evaporate slowly at room temperature. 
Colorless blocky crystals were obtained in one day. Yield = 89%. 1H-NMR δH 
(300 MHz, D2O, ppm), 3.48 (4H, s, cyclobutane proton). Elemental analysis 
(%) Calcd for Na2C8H14O12 (8-2): C 27.60; H 4.05. Found: C 27.61; H 4.74. 
TGA shows the weight loss of four water molecules: Calcd 20.7%, Found 
21.1%. 
Synthesis and characterisation of [K2(rctt-cbtc-H2)(H2O)2], (8-3): H4cbtc 
(58 mg, 0.25 mmol) was dispersed in a beaker containing KOH (56 mg, 1 
mmol) and 2 ml of water. The mixture was heated to saturation at 100 °C and 
left to evaporate slowly under room temperature. Colorless blocky crystals 
were obtained in a day. Yield = 81%. 1H-NMR δH (300 MHz, D2O, ppm), 3.47 
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(4H, s, cyclobutane proton). Elemental analysis (%) Calcd for K2C8H10O10  (8-
3):  C 27.90; H 2.96. Found: C 27.45; H 3.09. TGA shows the weight loss of 
two water molecules: Calcd 10.5%, Found 10.6%. 
Synthesis and characterisation of [Ba2(rctt-cbtc)(H2O)6], (8-4): H4cbtc (58 
mg, 0.25 mmol) was dispersed in a beaker containing 2 mL of MeOH. 
Ba(OH)2 (157 mg, 0.5 mmol) was dissolved in 5 ml of hot water. Filtration of 
the hot Ba(OH)2 into methanolic  H4cbtc at 100 °C and the mixture was 
swirled simultaneously till white precipitate started forming. The resultant 
mixture was filtered again and left for slow evaporation in a crystallizing 
watch glass. Colorless blocky crystals were obtained in a day. Yield = 61%. 
1H-NMR δH (300 MHz, D2O, ppm), 3.63 (4H, s, cyclobutane proton). 
Elemental analysis (%) Calcd for Ba2C8H16O14 (8-4):  C 15.70; H 2.62. Found: 
C 15.65; H 2.65. TGA shows the weight loss of six water molecules: Calcd 
17.7%, Found 18.8%. 
Synthesis and characterisation of [Na3(rtct-cbtc-H2)(rtct-cbtc-H3)(H2O)3], 
(8-5): Crystals of 8-1 was heated at 230 °C for four days and the precipitate 
was dissolved in 2 ml water and filtered. The solution was kept for slow 
evaporation and colorless block crystals were obtained in three days. 1H-NMR 
δH (300 MHz, D2O, ppm), 3.26 (4H, s, cyclobutane proton). Elemental 
analysis (%) Calcd for [Na3(H2O)3(C4H4(COOH)2(COO)2)2H] (8-5): C 32.80; 
H 3.25. Found: C 31.99; H 2.67. TGA shows the weight loss due to the loss of 
three water molecules: Calcd 9.3%, Found 10.5%. 
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a)  b)      c)  
Figure 8.6: Crystal images of the a) 8-1, b) 8-2 and c) 8-1 after heating and 
recrystallized as 8-5. 
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In this dissertation, chapters 2-8 described the syntheses of a number of 
CPs and MOFs using multi-topic ligands showing solid state structural 
transformations, photoreactivity, photo-reversibility, porosity, gas sorption 
properties, isomerization, etc. These were rationalized in terms of their 
supramolecular interactions and other crystal engineering principles.  
Crystallization is a phenomenon which exists within the subtle balance 
between kinetic and thermodynamic factors can result in kinetic or 
thermodynamic products. During the synthesis a solvated linear CP of Cu(II) 
was obtained as a kinetic product which was found to be photostable as 
narrated in Chapter 2. This solid lost coordinated DMF molecule unusually at 
low temperature and rearranged to either 2D layer or ladder structure, 
depending on the nature of the solid used, i.e., unground single crystals or 
ground powder. It is surprising to find that transformation of 2D layer 
structure to 1D ladder structure occurs by grinding which was established by 
the extent of [2+2] photodimerization reaction. This 2D to 1D rearrangement 
by mere mechanical grinding seems to be unprecedented.  
Polymorphism in coordination polymeric compounds is a rare occurrence. 
The coordination polymers tend to have supramolecular isomerism, instead. In 
a number of solid-state [2+2] cycloaddition reactions involving crisscross 
orientations of the C=C bonds, pedal motions have been well established. 
However, photoreactive compounds containing parallel and crisscross 
alignment of C=C bonds in pure forms were not observed, hitherto. Further 
the photoreactivity of different polymorphs have been investigated by G.M.J. 
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Schmidt in 1960s and are responsible for the birth of crystal engineering 
research. Such polymorphs in photoreactive systems are elusive in metal 
complexes and coordination polymers. Here we stumbled upon two 
polymorphs containing photoreactive ladder coordination polymers containing 
parallel and antiparallel C=C orientations, as described in Chapter 3. 
Interestingly, both the conformational polymorphs undergo quantitative 
conversion of C=C bonds to cyclobutane derivatives, but only one polymorph 
retains single crystals after photoreaction. During the synthesis, it has been 
found that the polymorph with antiparallel C=C bonds (kinetic product) is 
slowly converted to another polymorph containing parallel orientation of C=C 
bonds (thermodynamic product) in solution as well as in the solid state by 
grinding. This appears to be a rare example highlighting the importance of 
thermodynamic product in the single crystal retention property. 
Later, three crystals of novel 2D CPs were synthesized using Cd(II), 
Co(II) and Ni(II) metal ions with asymmetric ligand, pvba. The 
photoreactivity studies exhibited an exciting 2D to 2Dʹ structural 
transformation along with distinct changes in magnetic behaviors of Co(II) 
CPs. Upon thermal stimuli, reversible cleavage of the cyclobutane moiety was 
reported for the first time in the dimerizable CPs. This could be attributed to 
the high thermal stability of the CPs and hence CPs and MOFs are expected to 
undergo cleavage of cyclobutane rings. 
Asymmetric pvba being a versatile ligand can impart anisotropic 
properties to MOFs by directing the formation of diamondoid structures. As 
dia is quite adaptable, interpenetrations was elegantly manipulated with 
solvents and temperatures to optimize the pores for methane sorption. The 
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Zn(II) 7-fold dia CP of pvba is the representative outcome showing the best 
Qst and methane uptake values..  
Moving to another cyclobutane containing ligand, namely, TCCB 
which was synthesized by the photodimerisation of SDC, was utilized to 
construct more pillared-layer PCPs with bipyridyl coligands. The void volume 
of the PCP was isoreticularly tuned with the length of the spacer used. In the 
midst of these tailored syntheses, unique and unknown topologies of trinodal 
networks were uncovered with a series of MOFs containing a rarely studied 
tetrapyridyl spacer, rtct-tpcb of tetrahedral special disposition and TCCB.  
Aside from making new structures, understanding the structural 
transformations of the organic component is crucial to provide insights 
associated with that in CPs. We have earlier discussed photodimerization of a 
bpe containing Cu(II) CP and the reversibility of cyclobutane reactivity in 
pvba containing CPs in this thesis. It has been observed that thermal 
isomerization/cleavage of cyclobutane rings was found to occur in solution 
either with acidic/basic trigger and in neutral state where it doesn’t realize 
quantitative reactivity. Here, the rctt form of tpcb was found to isomerize 
quantitatively to the stable rtct form in solid state and the mechanism was 
rationalized with solid state packing in Chapter 7. The packing of a molecule 
was related to its reactivity and utilized for understanding its general 
importance in crystal structure and reactivity analogy. In Chapter 8, another 
cyclobutane derivative was studied for the same reason, ie to investigate 
thermal isomerization of another cyclobutane derivative, namely rctt-cbtc in 
alkali metal salts of this tetradentate ligand.  Thermal isomerization of rctt to 
rtct was observed in a few cases in good yield, but we were not able to 
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rationalize why isomerization occurs over cleavage of cyclobutane rings as 
well as factors influencing such isomerization. High thermal stability of Ba(II) 
salts was found to be inert. Hence more work has to be done in order to 
understand this solid state phenomenon. 
The endless possibilities and combinations to construct MOFs/CPs 
provided countless channels for academicians to record various structural 
behaviors and topologies, as well as avenues for material scientists to innovate 
applied products. These will not be possible without the solid understanding of 
crystal engineering which is essential in predicting structures and reactivities.  
The purpose of these studies was to study the real connectivity 
between crystal engineering and reactivity/application of solid state structures.  
These studies might throw light on the possibilities of engineering the 
structure and predicting the reactivity of a designed or known system. The 
studies on gas uptake in relation with the structure have achieved interesting 
results with the best values ever possible, and the isomerization studies in 
relation to the crystal packing would be the first to look into the structure. This 
understanding of crystal engineering and utilizing its potential has helped in 
obtaining these results.  
9.2 Suggestions for Future Work 
Although much is completed, there is always room for improvements. 
With reference to Chapters 3 and 8 were distinct reactivity of polymorphs was 
studied, it can be applied for drug polymorphs in the solid state to provide 
more insight on the various pharmaceuticals applications. The cycloaddition 
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reversibility studies on luminescent systems resulting in complete reversal 
could help in synthesizing optical switch systems.  
The plethora of CPs undergoes photodimerisation reaction but was 
rarely investigated on paramagnetic metal ion containing CPs. Magnetic CPs 
discussed in Chapter 4 that undergo 100% photodimerisation with distinct 
magnetic properties for the monomer and dimer CPs can be utilized to 
fabricate prototypical magnetic switches.  Furthermore, the asymmetric 
dimerized ligand (HT or HH) can be used for synthesizing novel PCPs. Chiral 
ligands can hence be prepared by crystal engineering strategies to direct the 
HH Hpvba dimer formation which might exhibit good non-linear optical 
properties. Functionalization of the MOFs remains to be explored in this work.  
CPs with coordinating/ bridging water molecules can be designed/ post 
synthetically modified to incorporate proton conducting functionalities like 
hydroxyl, amide or imidazolate groups. Various FCPs can thus be synthesized 
to obtain good proton conducting materials. 
The strategy of solid-state thermal isomerization might help to 
discover new isomers of known cyclobutane derivatives which are 
inaccessible but usual organic solution synthesis. The difference in reactivity 
of organic molecules in air and inert conditions are described in Chapter 7. 
This might provoke theories for some unexpected solid-state structural 
transformations in air. The mechanism of the isomerization might open up 
discoveries for new catalytic reactivities. 
The connectivity and impact of those cyclobutane derivatives on MOF 
topology and properties would be unimaginable. The dimer of the Hpvba can 
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be isomerised by the same strategy and used to synthesize novel MOFs. The 
dia networks can be designed with tetrahedral connecting metal ions and the 
transformed tetrahedral isomers. The tetrahedral isomers can also be utilized 
to design novel topologies and interesting properties. Strategies like 
coordinating the carboxylate ligand with s block metal ions could be devised 
to get a thermally stable framework to study more possibilities on thermal 
reactivity of the framework in a higher level. 
As discussed in introduction section 1.3.2, some cyclobutane CP 
derivatives cleave back to the monomer CPs in solid-state instead of 
isomerization. It is not clear under what conditions the isomerization is 
preferred over cleavage of cyclobutane ring or vice-versa. Since the solid-state 
isomerization of rctt-cyclobutane itself is rather new, more data should be 
collected inorder to rationalize this thermal behavior. These findings are 
expected provoke many more questions to the theoreticians and computational 
chemists, as these are the basics to be understood. Hence, there is an urgent 
need for a lot more solid state reactivity studies in cyclobutane derivatives 







General Materials, Methods and Instrumentation 
All chemicals purchased were of reagent grade and were used without further 
purification.  
Single Crystal X-ray Diffraction:Intensity data for 2-1 was collected at 
223(2) K on a Bruker APEX diffractometer attached with a CCD detector and 
graphite-monochromated MoKα (λ = 0.71073 Å) radiation using a sealed tube 
(2.4 kW). An empirical absorption correction was applied to the data using the 
SADABS1 program. Both the structures were solved by using direct methods 
and refined on F2 by full- matrix least squares procedures with SHELXTL.2 
UV Irradiation Experiments: The UV irradiation experiments were conducted 
using Luzchem photoreactor (wavelength 350 nm, Intensity ~ 1.75 mW-cm-2) for 
most of the compounds. In special cases, UV irradiations of single crystals were 
conducted using Asahi spectra UV light source MAX-301 with optic fiber 
(wavelength 350 nm). 
Elemental Analysis: The elemental analyses were carried out at the Elemental 
Analysis Laboratory, CMMAC, Department of Chemistry, National 
University of Singapore.  
Thermogravimetric Analysis (TGA): Thermogravimetric analyses were 
performed using a SDT 2960 Thermal Analyser. Samples usually single 
crystals, freshly filtered and air dried, were heated at a constant rate of 5 °C.min-1 
from room temperature to 600 °C and the samples held in a continuous flow 
nitrogen atmosphere (100 ml/min). 
NMR Spectroscopy: The NMR spectra were recorded with a 300 MHz FT-
NMR spectrometer with TMS as internal reference. Most of the higher 
dimensional CPs were insoluble in all deuterated solvents and it was acid 
digested with a tiny drop of HNO3 prior to the experiment to dissociate the 
metal ions from the organic ligands. CPs with paramagnetic metal ions were 
also acid digested to dissociate the paramagnetic metal ions from the organic 
ligands.    
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Powder X-ray diffraction (PXRD): Powder X-ray diffraction patterns were 
recorded on a Siemens D500 diffractometer with graphite monochromatized 
Cu-Kα radiation (λ = 1.54056 Å) at room temperature (23 °C). Variable-
temperature PXRD (VT-PXRD) was recorded on a Bruker AXS D8 advance 
powder X-ray diffractometer with an Anton Paar Model HTK 1200 high-
temperature chamber. 
UV-Vis-Absorption Studies: UV-Vis absorption measurements were carried 
out using Shimadzu UV 2450 spectrometer. 
Photo Luminescence Studies: Solid-state emission spectra were recorded on 
a Perkin–Elmer LS 55 luminescence spectrometer. 
ESI-MS: Mass spectra were obtained with a Finnigan MAT LCQ (ESI) 
spectrometer. ESI-MS spectra were recorded using Bruker AmazonX coupled 
to a Dionex Ultimate 3000 RSLC system and Kd Science syringe pump 
infusion system in Chapter 7. 
DSC Measurements: Differential Scanning Calorimetric (DSC) 
measurements were done in Mettler Toledo instrument with a ramping rate of 
10 °C min-1 on 2-5 mg of powdered sample. 
Measurements done in Collaboration 
Magnetic Measurements: The magnetic measurements were performed on a 
Quantum Design MPMS XL-5 SQUID magnetometer on polycrystalline 
samples. These data were corrected for the diamagnetism of the samples by 
Pascal constants and of the sample holder by measurements. These studies 
were done in collaboration with Kang Qian and Prof. Song Gao of College of 
Chemistry & Molecular Engineering, Beijing University. 
Gas Adsorption Measurements: Low pressure gas adsorption isotherms 
were measured on the Micrometrics ASAP 2020 Surface Area and Porosity 
Analyzer. Experiments were carried out by Sameh K. Elsaidi and Prof. 
Michael J. Zaworotko, our Collaborator in University of South Florida. 
Computational Details. Density functional theory (DFT) calculations were 
performed with the Gaussian 09 software package.20 Geometry optimizations 
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were performed with M06-2X21 density functional theory and the standard 6-
31G* basis set. The M06-2X functional was chosen, as this empirical 
functional is better suited than normal hybrid DFT methods (e.g. B3LYP) in 
handling kinetics, thermodynamics, and noncovalent interactions such as π···π 
and CH···π interaction.21,22 Frequency analyses were performed on the M06-
2X/6-31G* optimized geometries to confirm the nature of the stationary points 
as equilibrium structures (with all real frequencies) or transition states (with 
only one imaginary frequency). To obtain improved energies, single-point 
energy calculations were performed at M06-2X/6-311+G** level for all 
species. Theroretical Calculations were done by Dr. Hui Yang and Prof. 
Ming Wah Wong of Dept. of Chemistry, National University of Singapore 
EPR Measurements: The EPR measurements were done in Bruker E500 
series with an X band microwave bridge with variable temperature facilities, 
in collaboration with Prof. Richard D. Webster of School of Physical and 
Mathematical Sciences, Nanyang Technological University. 
In Situ-VT-PXRD Studies: In situ powder X-ray diffraction data were 
collected in asymmetric reflection mode using an INEL Equinox 3000 
diffractometer, equipped with a Cu-Kα radiation source, a Goebel mirror, an 
Anton Paar XRK-900 reactor chamber and an Inel CPS-120 detector. This 
detector allows the capture of an angle range of 120 ° in 2θ simultaneously in 
a single snapshot. The sample was mounted on a closed ceramic sample 
holder, heated up to 195 °C at a rate of 1° per minute and kept at 195 °C for 
300 minutes.  During heat ramp and holding time 200 diffraction patterns of 
150 seconds were collected. The VT-PXRD experiments and profile fitting 
were carried out by Dr. Martin K. Schreyer of Institute of Chemical and 
Engineering Sciences. 
 
 1. Bruker, Bruker AXS Inc., Madison, Wisconsin, USA., Editon edn., 2001. 
2. (a)Sheldrick, G. M.,  Acta Crystallogr. Sect. A, 2008, A64, 112-122; (b) 
Müller, P., Crystal structure refinement: a crystallographers guide to 





2.6 PhysicoChemical Properties 
 
Figure 2.8: TGA curve of 2-2. 
 
Figure 2.9: Variable temperature PXRD of cpd 2-1 from RT to 165 °C in 
vacuum, shows the gradual change of phase from 65 °C to a complete new 





Figure 2.10: DSC curve of 2-1. 
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3.6 PhysicoChemical Properties 
3.6.1 Thermogravimetric Analysis 
 




Figure 3.10: TGA curve of 3-2, showing the stability of structure up to 190 
ºC. 
 
Figure 3.11: TGA curve of 3-3, showing the stability of structure up to 180 
ºC. 
 
Figure 3.12: TGA curve of 3-4, showing the stability of structure up to 170 
ºC. 
 





Figure 3.14: DSC curve of 3-1. 
 
Figure 3.15: DSC curve of 3-2. 
 
 
Figure 3.16: Percentage conversion versus time plots for the single crystals of 
3-1 and 3-2 under UV light derived from 1H-NMR spectral analysis 
 
Figure 3.17: PXRD pattern of 3-1 with the simulated pattern obtained from 




Figure 3.18: Photographs of Cpd 3-2 and Cpd 3-3 after 10 min of UV 
irradiation. 
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4.6 Physico-Chemical Properties 
4.6.1 1H-NMR analysis of the digested CPs  
 
Figure 4.11: 1H-NMR spectrum of 4-1 dissolved in D6-DMSO using a drop of 
HNO3. 
 






Figure 4.13: Comparison of 1H-NMR spectra of 4-1, 4-4 and 4-4 after 
heating, dissolved in D6-DMSO using a drop of HNO3 and in b) the region 7 
to 9 ppm is expanded and the peaks are assigned as ph- for phenyl, py - 







Figure 4.14: Above: Comparison of 1NMR spectra of 4-4 with the samples 
heated at 220 °C under vacuum with an interval of 2 h, the samples were 
dissolved in D6-DMSO using a drop of HNO3, the region from 3.3 – 9.3 ppm 
is shown for clarity. Below: The percentage of formation of different isomers 





Figure 4.15: 1H-NMR spectrum of 4-2 dissolved in D6-DMSO using a drop of 
HNO3. 
 
Figure 4.16:  1H-NMR spectrum of 4-5 dissolved in D6-DMSO using a drop 
of HNO3. 
 
Figure 4.17: Comparison of 1H-NMR spectra of 4-2, 4-5 and 4-5 after 
heating, dissolved in D6-DMSO using a drop of HNO3.The peaks are assigned 
as ph- for phenyl, py - pyridyl, cb- cyclobutane, ole – olefinic protons, M – 




Figure 4.18: 1H-NMR spectrum of 4-3 dissolved in D6-DMSO using a drop of 
HNO3 
.  
Figure 4.19:  1H-NMR spectrum of 4-6 dissolved in D6-DMSO using a drop 
of HNO3. 
 
Figure 4.20:  Comparison of 1H-NMR spectra of 4-3, 4-6 and 4-6 after 
heating, dissolved in D6-DMSO using a drop of HNO3. The peaks are assigned 
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as ph- for phenyl, py - pyridyl, cb- cyclobutane, ole – olefinic protons, M – 
monomer and D for dimer protons. 
4.6.2 PXRD Analysis of the samples 
 
Figure 4.21: Powder X ray diffraction patterns of 4-1 and 4-4 compared with 
the simulated pattern of 4-1 single crystal data. 
 
Figure 4.22: Powder X ray diffraction patterns of 4-4 after heating at 220 oC 
for 12 hour. 
 
Figure 4.23:  PXRD patterns of as synthesized 4-2 compared with the 




Figure 4.24: PXRD patterns of 4-2, 4-2ʹ and 4-5 compared with the simulated 
pattern of 4-2 single crystal data. 
 
Figure 4.25: PXRD patterns of 4-5 after heating compared with the observed 
pattern of 4-2 and 4-5. 
 




Figure 4.27:  PXRD patterns of 4-6 and heated 4-6, compared with observed 
pattern of 4-3. 
 




4.6.3 Thermogravimetric Analysis 
 
Figure 4.29:  TGA curve of the as synthesized crystals of 4-1 
 
Figure 4.30: TGA curve of the dimerised crystals, 4-4. 
 





Figure 4.32: TGA curve of the dimerised crystals, 4-5. 
 
 
Figure 4.33: TGA curve of the as synthesized crystals of 4-3. 
 




4.6.4 Solid-state Photoluminescence Studies 
 
Figure 4.35:  Photoluminescence emission spectra of 4-2, 4-5 and the ligand 
Hpvba, when excited at 300nm. 
 
Figure 4.36: Photoluminescence emission spectra of 4-3, 4-6 and the ligand 
Hpvba, when excited at 330nm. 
 
Figure 4.37: The color changes photographed during the dehydration, 




5.6 PhysicoChemical Properties 
5.6.1 Thermogravimetric Analysis 
 
Figure 5.16: TG-DTA curves of [Zn(pvba)2]∙DMF (5-1).  
 
Figure 5.17: TG-DTA curves of [Cd(pvba)2]∙DMF (5-2).  
 
 





Figure 5.19: TG-DTA curves of [Co(mpvba)2]∙DMF∙2H2O (5-4).   
 
Figure 5.20: TG-DTA curves of [Cu(mpvba)2]∙DMF∙H2O (5-5). 
   
 




5.6.2 Powder X-Ray Diffraction 
The powder diffraction pattern for the as synthesized compound is compared 
with that of the simulated pattern obtained from single crystal data.  
 
Figure 5.22: PXRD pattern of synthesized [Zn(pvba)2]∙DMF (5-1) is 
compared with the simulated pattern. 
 
 
Figure 5.23: Pre-activation and post-activation experimental and calculated 




Figure 5.24: PXRD pattern of synthesized [Cd(pvba)2]∙DMF (5-2) is 
compared with the simulated pattern. 
 
Figure 5.25: PXRD pattern of synthesized [Zn(pvba)2] (5-3) is compared with 
the simulated pattern. 
 
Figure 5.26: PXRD pattern of synthesized [Co(mpvba)2]∙DMF∙2H2O (5-4) is 





Figure 5.27: PXRD pattern of synthesized [Cu(mpvba)2]∙DMF∙H2O (5-5) is 
compared with the simulated pattern. 
 
Figure 5.28: PXRD pattern of synthesized [Cd(mpvba)2]∙DMF∙H2O (5-6) is 











6.6 Physico-Chemical Properties 
6.6.1 Thermogravimetric Analysis 
 
Figure 6.20: TGA of [Mg(H2TCCB)(DMF)2] (6-1).   
 
Figure 6.21: TGA of [Mn(H2TCCB)(DMF)2] (6-2).   
 




Figure 6.23: TGA of [Zn2(TCCB)(bpy)]∙DEF (6-4).  
 
Figure 6.24: TGA of [Zn2(TCCB)(bpe)]∙DMF (6-5). 
 
 





Figure 6.26: TGA of [Co3(TCCB)2(DABCO-H+)2(H2O)2]∙2DMF∙4H2O (6-7). 
 
Figure 6.27: TGA of [Co2(TCCB)(rtct-tpcb)(µ-H2O)(H2O)] (6-8ʹ) 6-8 after 
methanol exchange. 
 





Figure 6.29: TGA of [Cd(TCCB)(rtct-tpcb)DMF]∙3H2O (6-10). 
 
Figure 6.30: TGA of [Zn(TCCB)(rtct-tpcb)] (6-11ʹ) 6-11 after methanol 
exchange. 
 
6.6.2 Powder X-Ray Diffraction Experiments 
Powder X-ray diffraction pattern of the as synthesized compounds are 
collected and compared with that of the simulated pattern obtained from the 




Figure 6.31: PXRD patterns of the synthesized [Mg(H2TCCB)(DMF)2] (1) 
compared with simulated and the desolvated patterns. 
 
Figure 6.32: PXRD pattern of the synthesized [Mn(H2TCCB)(DMF)2] (6-2), 
compared with the simulated pattern. 
 
Figure 6.33: PXRD patterns of the synthesized 






Figure 6.34: PXRD patterns of the synthesized [Zn2(TCCB)(bpy)]∙DEF (6-4) 
compared with simulated and desolvated patterns. 
 
Figure 6.35: PXRD patterns of the synthesized [Zn2(TCCB)(bpe)]∙DMF (6-5) 
compared with the simulated pattern. 
 
Figure 6.36: PXRD patterns of the synthesized 






Figure 6.37: PXRD patterns of the synthesized [Co3(TCCB)2(DABCO-
H+)2(H2O)2]∙2DMF∙4H2O (6-7) compared with simulated and desolvated 
patterns. 
 
Figure 6.38: PXRD patterns of the synthesized [Co2(TCCB)(rtct-tpcb)(µ-
H2O)(H2O)]∙DMF∙xH2O (6-8) compared with simulated and desolvated 
patterns. 
 
Figure 6.39: PXRD patterns of the synthesized [Ni2(TCCB)(rtct-tpcb)(µ-





Figure 6.40: PXRD patterns of the synthesized [Cd(TCCB)(rtct-
tpcb)DMF]∙3H2O (6-10) compared with the simulated  pattern. 
 
Figure 6.41: PXRD patterns of the synthesized [Zn(TCCB)(rtct-
tpcb)]∙DMF∙xH2O (6-11) compared with the simulated pattern. 
 
6.6.3 1H-NMR spectra of compounds 
 






Figure 6.43: 1H-NMR spectrum of [Zn2(TCCB)(bpy)]∙DEF (6-4). 
 
Figure 6.44: 1H-NMR spectrum of [Zn2(TCCB)(bpe)]∙DMF (6-5). 
 




Figure 6.46: 1H-NMR spectrum of [Co3(TCCB)2(DABCO-
H+)2(H2O)2]∙2DMF∙ 4H2O (6-7). 
 






Isomerisation studies on Compound 2-4 
Thermal analysis performed on 2-4 was found to be stable till 220°C. 
From the DSC of 2-4, the endothermic peak at 188°C might be attributed to a 
phase change occurring as a result of thermal isomerization (Figure A7.2).  
 
Figure A7.1: TGA analysis of compound 2-4. 
 
Figure A7.2: DSC analysis of compound 2-4. 
 
Therefore, a reasonable temperature of 190°C was chosen to ensure the 
maximum reaction rate for thermal isomerization. The signals for all three 





Figure A7.3: 1H-NMR spectra showing the thermal isomerisation results on 
compound 2-4 with time. 
 
 
Figure A7.4: Plot of percentage isomerisation against period of heating 
calculated from 1H-NMR spectra results on compound 2-4 with time. 
 
The percentage of isomers upon heating (%) is plotted against the 
period of heating for isomerization (h) (Figure A7.4). The plot showed slow 
increase in % rtct-tpcb during first 2 h of heating followed by a rapid increase. 
However, it is important to note that heating of compound 2-4 for 16 h does 
not result in the formation of 100% rtct-tpcb products. Prolonged heating is 
required as 1H-NMR data showed that 2-4 underwent thermal isomerisation 
and rtct-tpcb isomers are formed in 100% yield after DSC. 
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7.6 PhysicoChemical Properties 
7.6.1 TG and 1H-NMR spectrum of compounds 
 
Figure 7.16: The TGA-DTA of rctt-tpcb (7-1) in air. 
a)  
b)  
Figure 7.17: The percentage versus time plot of the products obtained by 





Figure 7.18: The 1H-NMR spectra recorded a) after heating 7-1 for 31 h in 
D7-DMF to show the presence of rcct isomer intermediate and b) after heating 
7-1 for 4 h in D6-DMSO to show the presence of rcct isomer intermediate. 
 





Figure 7.20: The 1H-NMR spectrum in CDCl3 after 7-1 was heated at a scan 
rate of 10 °C min-1 till 270 °C in air in DSC pan showing the presence of 
94.0% of rtct-tpcb, 1.8% of rcct-tpcb and 2.4% of bpe, a) the full scan is 





Figure 7.21: The 1H-NMR spectrum in CDCl3 after 7-1 was heated at a scan 
rate of 10 °C min-1 till 300 °C in nitrogen in DSC pan showing the 82% 
conversion of 7-1 to 22.3% rtct-tpcb, 25.4% rcct-tpcb and 34.0% bpe, a) full 
spectrum is shown and b) the spectrum is zoomed from 9.0 ppm to 6.5 ppm 
for clarity. 
 
Figure 7.22: The 1H-NMR spectrum in CDCl3 after 7-1 was heated at 210 °C 
for 4 h in Argon atmosphere. 
 





Figure 7.24:  FTIR spectra of rctt, rctt-tpcb heated to 190 °C and rtct-tpcb. 
 
Figure 7.25: The 13C-NMR spectra of the rctt and rtct isomers of tpcb.7.6.2 
Variable Temperature XRD studies and Fitting 
 
Figure 7.26: 2D overview of powder X-ray diffraction patterns of 7-1 
collected during the holding time at 195 °C. The color code corresponds to the 




Figure 7.27:  Evolution of amorphous content through the first 90 min at 195 
°C. 
7.6.3 Bimolecular Topochemical Pathway- Mechanism and 
Theoretical Results 
The proposed topochemical reaction is only feasible when the rtct isomer is 
thermodynamically more stable than the rctt isomer. Hence, the stability of the four 
regioisomers of tetrakis(4-pyridyl)cyclobutane was examined first by DFT 
calculations (M06-2X/6-311+G**//M06-2X/6-31G*) and the rtct isomer is confirmed 
to be the most stable isomer, with rctt, rcct and rccc lying 15, 14 and 59 kJ mol-1 
higher in energy, respectively. The optimized structure of the rtct isomer has C2 
symmetry and contains two different conformations of the pyridyl group, which we 




Figure 7.28: Optimized (M06-2X/6-31G*) geometry of the rctt-tpcb isomer, showing 
the two different conformations of the pyridyl groups (P1 and P2). Torsion angles (τ) 
in parentheses are taken from the crystal structure. 
 
A second requirement for the topochemical reaction pathway would be the tight 
interaction between neighboring rctt molecules along the proposed reaction path, 
namely the c-axis of the crystal. To estimate the interaction energy between two units 
of rctt, the repeating dimer geometry along the c-direction of the crystal structure was 
taken without optimization. Based on this geometry of cyclobutane dimer, the binding 
energy is calculated to be −38.6 kJ mol-1. Full geometry optimization of the dimer 
structure leads to a structure with closer intermolecular distance, 6.76 Å vs. 7.02 Å as 
shown in Figure 3 for the crystal, and a larger binding energy of −49.7 kJ mol-1. Most 
importantly, the alignment of cyclobutane rings and the relative orientation of pyridyl 
groups in this fully optimized dimer structure are essentially unchanged from the 
crystal structure. 
What is the origin of the strong intermolecular interactions between two rctt 
molecules? The optimized dimer geometry reveals that there are eight sets of close 
intermolecular C-H···π contacts (Figure 7.29). The projection distance of the C-H 
hydrogen on the molecular plane of the pyridyl ring is in the range 2.45–2.62 Å, 
similar to the typical C-H···π interaction distances (2.6-3.0 Å). Cooperative C-H···π 
effects, with two C-H hydrogens interact with same π face simultaneously, are also 
observed (Figure 7.29). It is interesting to note that the ring hydrogen on the carbon 
bearing a P1 pyridyl group also participates in intermolecular C-H···π interaction. 
The presence of these C-H···π intermolecular interactions is further supported by 
electron-density topological analysis based on the theory of atom in molecule (AIM). 
In particular, the signs and magnitudes of the charge density (ρ) and Laplacian of the 
charge density (∇2ρ) evaluated at the bond critical points are similar to those of the 
typical C–H∙∙∙π systems. The eight intermolecular C-H···π interactions between the 
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two units of rctt are made possible by the inverse orientation of tpcb molecules in the 
repeating unit (Figure 7.30). In this inverse orientation, two P1 pyridyl groups of one 
rctt molecule can interact simultaneously with two P2 pyridyl groups of a 
neighboring molecule. The rctt-tpcb dimer structure can be considered as a fourfold 
pyridyl embrace (see Figure 7.31) with fourfold edge-to-face pyridyl-pyridyl 
interactions, via C-H···π interactions. Similar phenyl embrace motifs, with multiple 
aromatic groups interact in a concerted manner, are found in many crystal structures. 
In summary, our computational results demonstrated that there are indeed strong 
interactions between rctt molecules along the c-direction of the molecular crystal, 
enabled by multiple C-H···π interactions.  
 
Figure 7.29: The optimized (M06-2X/6-31G*) rctt-tpcb dimer structure, showing the 
cooperative intermolecular C-H···π interactions from a P1 pyridyl to a P2 pyridyl 
(left) and from P2 to P1 (right). The C-H···π projection distances to the pyridyl plane 
are given in Å. Due to the symmetry of the dimer, the other four intermolecular C-





Figure 7.30: Schematic representation of the orientations of pyridyl groups during 
the proposed solid-state isomerization. Black bars indicate pyridyl groups pointing 
outwards of the cyclobutane plane and gray bars inwards. 
 
Figure S31: Fourfold pyridyl embrace for a pair of rctt molecules in the tpcb crystal.  
The arrows identify the C−H∙∙∙π interactions between two pyridyl groups. 
The reported clean solid-state isomerization was proved experimentally to be 
initiated by molecular oxygen and involve radicals as intermediates by ESR 
experiments. To confer to these observations, the hypothesized topochemical 
isomerization pathway was proposed to go through a diradical chain mechanism, as 
shown in Figure 7.32. In this bimolecular pathway, a pyridyl substituted 
hexamethylene diradical (5), is the key intermediate in the propagation step (Figure 
7.32). This diradical species reacts with an adjacent rctt unit to form rtct and 
regenerate another hexamethylene diradical. With the unique crystal packing, this 
process could propagate easily from one end of a crystal chain to the opposite end in 
a domino fashion. Thus, ~100% conversion of rctt to rtct without any rcct 
intermediate formation is anticipated in the propagation step of our proposed solid-
state diradical mechanism. It is important to note that half of a rtct molecule is 
assembled in the diradical intermediate. As a result, one rtct molecule can be formed 
from two successive propagation steps. 
Molecular oxygen from air is proposed to be a radical initiator of the 
proposed diradical chain mechanism. The triplet O2 facilitates the ring opening of 
cyclobutane on the surface of rctt crystal to form a peroxy diradical which in turn 
reacts with a neighboring rctt molecule to generate the hexamethylene diradical 
intermediate (5) for the propagation step (Figure 7.32). Opening of cyclobutane ring 
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by triplet O2 yields a 1,6-peroxy diradical (6). The formation of this peroxy diradical 
is found to be a two-step process: (i) cleavage of a σ bond of cyclobutane and (ii) 
formation of a C-O bond. The calculated activation barriers for steps (i) and (ii) are 
184 and 19 kJ mol-1, respectively. For comparison, the direct ring opening of rctt-tpcb 
requires a significantly larger barrier of 230 kJ mol-1. In the second initiation step 
(Figure 7.32), the peroxy diradical reacts with a neighboring rctt-tpcb to form 1,2-
dioxetane (7) and the 1,6-hexamethylene diradical (5). A smaller activation barrier 
(163 kJ mol-1) is associated with this step than the first initiation step, i.e. formation 
of a peroxy diradical. 
 
Figure 7.32: Initiation and propagation steps of the diradical chain mechanism for the 
solid-state isomerization of rctt-tpcb to rtct-tpcb. 
 
In the radical propagation step, rctt is converted to rtct  via the 1,6-
hexamethylene diradical (5, Figure 7.32). Two C-C bonds cleave and two C-C bonds 
form simultaneously in this step (Figure 7.32). It is calculated to be slightly 
exothermic (−15 kJ mol-1) due to the formation of a more stable rtct isomer, and 
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inhibited by a moderate barrier of 151 kJ mol-1, via transition state 8 (Figure 7.33). 
The close proximity of the diradical intermediate and cyclobutane and their correct 
orientation in the solid-state allow a very efficient isomerization process to propagate 
along a chain of rctt molecules in molecular crystal. The calculated barrier of the 
propagation step is significantly lower than the ring-opening reaction of the initiation 
step, which implies that the initiation step is the rate-determining step of the overall 
reaction. Hence, the solid-state isomerization, via the proposed diradical chain 
mechanism, is calculated to have a lower barrier compared to the unimolecular 
isomerization. The strong molecular packing along the c-direction of the tpcb-rctt 
crystal, via multiple C-H···π interactions, would further facilitate the isomerization, 
by bringing the neighbouring molecules in close proximity for C-C bond formation in 
the transition state 8. The termination step is likely to involve the diradical 
intermediate 5 reacting with molecular oxygen to form 1,2-oxetane. The dioxetane is 
expected to further dissociate to form bpe and regenerate oxygen. Alternatively, it can 
dissociate to two p-formylpyridine molecules. Overall, quantitative conversion of rctt 
to rtct is predicted in our proposed solid-state mechanism and trace amount of bpe is 
expected from the surface via the initiation and termination steps.  
Although the topochemical propagation step, involving a biomolecular 
reaction, was later ruled out by isotopic labeling experiment, the proposed initiation 
step by molecular oxygen was not. This initiation step, together with other possible 
pathways, was considered and presented in the theoretical part of the main text.       
 
Figure 7.33: Optimized geometries (M06-2X/6-31G*) of the hexamethylene 
diradical (5) and transition state (8) for the propagation step.   
A-47 
 
7.6.4 Dueteration and Cross over Experiments 
 
Figure 7.34: Mass spectral data for the 1:1 mixture of rctt-tpcb (7-1) and rctt-
tpcb- D16 (7-1∙D16) showing the peaks for the protonated rctt-tpcb (i.e., 364) 




Figure 7.35: Mass spectral data for the 1:1 mixture of the rctt-tpcb and rctt-
tpcb D16 (7-1∙D16) after heating. The intensity and the m/z peaks were found to 




Figure 7.36: Comparison of 1H-NMR spectra showing 100% conversion of 
rctt to rtct-isomer and no extra peaks due to other isomers. 
 
 
Figure 7.37: Comparison of 1H-NMR spectral data for the compounds, 








































































    
    
             
            
       
   
       
         
         
   
          
        
         






































Figure 7.39: 1H-NMR spectrum of irradiated bpe-D8-tfa salt. 
 
Figure 7.40: 1H-NMR spectrum of a 1:1 mixture of rctt tpcb (7-1) and rctt 
tpcb-D16(7-1∙D16). 
 
Figure 7.41: 1H-NMR spectrum of a 1:1 mixture of rctt tpcb (7-1). and rctt 






















    
    
             
            
       
   
       
         
         
   
          
        
         



































































    
    
             
            
       
   
       
         
         
   
          
        
         
     
   

















































































    
    
             
            
       
   
       
         
         
   
          
        
         
     






















8.6 PhysicoChemical Properties 
8.6.1 Thermogravimetric Analysis 
a)  
b)  
Figure 8.11: a) TGA of Cyclobutane Tetracarboxylate (rctt-cbtc) and b) 




Figure 8.12: TGA of [Na2(rctt-cbtc)(H2O)4] (8-1). 
 
Figure 8.13: TGA of [Na2(rctt-cbtc)(H2O)4] (8-2). 
 





Figure 8.15: TGA of [K2(rctt-cbtc)(H2O)2] (8-3). 
 
Figure 8.16: DSC of 8-3 showing an endotherm at 35 °C. 
 
 
Figure 8.17: TGA of [Ba2(rctt-cbtc)(H2O)6] (8-4). 
  
Figure 8.18: TGA of [Na3(rtct-cbtc-H)(H2O)3] (8-5). 
8.6.2 Powder X-Ray Diffraction 
The powder diffraction pattern for the synthesized compound is compared 




Figure 8.19: PXRD matching cyclobutane Tetracarboxylate (rctt-cbtc). 
 
 
Figure 8.20: PXRD matching of synthesized [Na2(rctt-cbtc)(H2O)4] (8-1) with 
simulated pattern. 
 





Figure 8.22: PXRD matching of synthesized [K2(rctt-cbtc)(H2O)2] (8-3) with 
simulated pattern. 
 
Figure 8.23:  PXRD matching of synthesized [Ba2(rctt-cbtc)(H2O)6] (8-4) 
with simulated pattern. 
 
Figure 8.24:  PXRD matching of synthesized [Na3(rtct-cbtc-H)(H2O)3] (8-5) 




Figure 8.25: Variable Temperature Powder X-ray Diffraction (VTPXRD) of 
8-3 [Selected data is shown for clarity]. 
 
Thus, powder X-ray data collected for 8-3 at 60 °C was found to be different from the 
room temperature (RT) phase and interestingly this phase was found to be reversible 
ie, once cooled back to RT it regained the original RT phase. As 8-3 maintained its 
single crystallinity, X-ray diffraction data was collected while heating it at 60 °C to 
account for the phase transformation observed. The cell at 60 °C was found to be very 
different from the original but once collected the complete data set the data could be 
solved only in the orginal space group and  the surprsingly the structure came out to 
be the same. As this intermediate phase might influence the isomerization mechanism 
studied below it would be very interesting to look at this intermediate phase, but due 
to time constraints it is yet to be done. 
 
 
